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Abstract
Jacketing is one of the most effective strengthening techniques for reinforced concrete
(RC) columns. Jacketing is usually performed by adding a shell of traditional RC, steel
or fibre reinforced polymer (FRP) around the existing RC column. Even though
jacketing with traditional RC, steel and FRP are widely used, these jacketing
techniques have serious disadvantages, which are mainly associated with durability,
structural efficiency and practical application. Reactive powder concrete (RPC) is a
distinctive category of concrete, which has high strength and durability and possesses
outstanding repairing and strengthening characteristics. The main aim of this study is
to investigate the behaviour of RC columns strengthened by a new strengthening
technique consisting of jacketing with RPC and wrapping with FRP.

This thesis is presented as a thesis by publication. First, an experimental pilot study to
investigate the mechanical properties of steel, glass and steel-glass fibre reinforced
RPC is presented. The results of the study showed that steel fibre reinforced RPC had
a higher compressive strength, indirect tensile strength and shear strength than the
non-fibrous RPC, glass fibre reinforced RPC and hybrid steel-glass fibre reinforced
RPC. The steel fibre reinforced RPC was found to be the most efficient type of RPC
to be used as a jacketing material for RC columns from a structural perspective.
However, the glass fibre reinforced RPC and hybrid steel-glass fibre reinforced RPC
had significantly higher shear strength than the non-fibrous RPC and were proposed
to be used as alternatives for the steel fibre reinforced RPC in the corrosive
environments.

vi

The main experimental program of this research study includes the preparation of 16
circular base RC column specimens and 16 square base RC column specimens. From
each of 16 circular and 16 square base RC column specimens, four specimens were
considered as reference specimens. The remaining specimens were strengthened by
FRP wrapping, steel fibre reinforced RPC jacket and steel fibre reinforced RPC jacket
then FRP wrapping. The specimens were tested under concentric axial load, eccentric
axial loads and four-point bending. The experimental results of this study revealed that
jacketing the circular and square RC columns with RPC increased significantly the
yield and ultimate loads as well as the energy absorption under concentric axial load,
eccentric axial loads and four-point bending. Wrapping the RPC jacketed columns
with FRP increased the ultimate load and energy absorption of the columns.

This study also presents a theoretical approach for the axial load-bending moment
interactions of the circular RC columns jacketed with RPC and wrapped with FRP.
The theoretical axial load-bending moment interactions presented in this study were
found to be well-matched and conservative compared to the experimental axial loadbending moment interactions. The study also includes a parametric study to investigate
the most influencing factors on the axial load-bending moment capacity of the circular
RC column jacketed with RPC and wrapped with FRP. The ratio of the RPC jacket
thickness to the diameter of the base circular RC column was found to be the most
influencing factor on the axial load-bending moment capacity of the strengthened
circular RC column.

Lastly, the study presents an analytical approach to predict the axial load-axial strain
responses of the circular and square RC columns jacketed with RPC and wrapped with

vii

FRP. The analytical axial load-axial strain responses presented in this study were
found to be well-matched and conservative compared to the experimental axial loadaxial strain responses.

This study shows that the proposed strengthening technique for the RC columns using
the RPC and FRP is efficient and leads to a significant increase in the yield load,
ultimate load and energy absorption of the existing deficient RC columns.
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𝐴𝐴𝑔𝑔

Gross-sectional area of base RC column (mm2)

𝐴𝐴𝑗𝑗𝑗𝑗

Cross-sectional area of the RPC core (mm2)

𝐴𝐴𝑠𝑠

Total cross-sectional area of the longitudinal steel reinforcement (mm2)

𝐴𝐴𝑡𝑡

Total cross-sectional area of the strengthened section (mm2)

𝐵𝐵

Effective width of the specimen in the shear strength test (mm)

𝐶𝐶𝑐𝑐𝑐𝑐

Axial compressive force of the RPC stress block (kN)

𝑑𝑑𝑛𝑛𝑛𝑛

Neutral axis depth of the strengthened RC column (mm)

𝑑𝑑𝑠𝑠𝑠𝑠

Depth of the steel reinforcement layer (mm)

𝑒𝑒

Eccentricity (mm)

𝐸𝐸𝑐𝑐𝑐𝑐

Modulus of elasticity of the NSC core (MPa)

𝐸𝐸2

Slope of the linear portion of the stress-strain model for FRP-confined
concrete (MPa)

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

Confined compressive stress of RPC (MPa)

𝐴𝐴𝑗𝑗

Cross-sectional area of the RPC jacket (mm2)

𝐴𝐴𝑜𝑜

Cross-sectional area of the NSC core (mm2)

𝐴𝐴𝑠𝑠𝑠𝑠

Cross-sectional area of the longitudinal steel reinforcement layer (mm2)

𝑏𝑏

Side length of the base square RC column (mm)

𝐶𝐶𝑐𝑐𝑐𝑐

Axial compressive force of the NSC stress block (kN)

𝑑𝑑

Diameter of the base circular RC column (mm)

𝑑𝑑𝑛𝑛𝑛𝑛

Neutral axis depth of the base RC column (mm)

𝐷𝐷

Diameter of the strengthened RC column (mm)

𝐸𝐸𝑐𝑐

Modulus of elasticity of concrete (MPa)

𝐸𝐸𝑠𝑠

Modulus of elasticity of steel (MPa)

𝐸𝐸𝑓𝑓

Modulus of elasticity of FRP (MPa)
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𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

Confined compressive stress of NSC (MPa)

′
𝑓𝑓𝑐𝑐𝑐𝑐

Unconfined compressive strength of NSC (MPa)

𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐

Confined compressive strength of NSC (MPa)
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1. Introduction

1.1 Preamble
Over the last three decades, many reinforced concrete (RC) columns in vital
infrastructure around the world have become in conditions that require rehabilitation.
Among these conditions, deterioration due to corrosion of steel reinforcement, damage
after an earthquake or fire event, change in design requirements, functional changes
and construction errors. Jacketing with RC is one of the most commonly used
techniques for strengthening deficient RC columns. The RC jacket is desired in terms
of the ease in the construction (no specialised skills are required) and the availability
of the materials [1-3]. The RC jacket is usually carried out by adding a layer of RC
around the existing RC column in the deficient structure [4]. Therefore, jacketing with
RC achieves a uniform increase in the stiffness of the structure and does not need
strengthening of the existing foundation. Also, jacketing with RC can change the
design philosophy from strong beam/weak column to weak beam/strong column [1].
This technique of jacketing was used after the earthquakes in Mexico, Japan, the
Balkans and the U. S. [5]. However, the traditional RC jacket has few disadvantages
and practical drawbacks. These disadvantages and practical drawbacks include the
decrease in the available space of the strengthened structure, the increase in the dead
load and the required dowelling of the added reinforcement of the jacket with the
existing column, the slab and foundation [1, 3, 6].

A Considerable number of experimental and theoretical studies were conducted to
characterise the behaviour of RC columns jacketed with normal-strength RC.
However, the use of high-strength RC in jacketing is recommended to reduce the
1

thickness of the jacket and achieve the required load capacity at the same time [5, 7].
Nevertheless, the experimental studies on the compressive axial strength of the RC
columns strengthened with high-strength RC jackets showed that the estimated axial
strength of the strengthened RC column was usually higher than the experimental axial
strength [8]. This is mainly because of the tensile stresses which are generated in the
RC jacket due to the differences in the rate of expansion of the base RC column and
the RC jacket [8]. Therefore, the brittle failure is expected for RC column which is
made of NSC and strengthened with high-strength RC jacket [4]. Furthermore,
jacketing with the high-strength RC has the same practical drawbacks of jacketing
with the normal-strength RC which are mainly due to the reinforcement connection of
the jacket.

The other widely used jacketing materials are steel and fibre reinforced polymer (FRP)
[9]. Even though the steel jacket has high strength and confinement effect, the steel
jacket experiences low corrosion resistance, poor fire performance and can be buckled
during the installation and service life [2, 10]. The FRP jacket possesses lighter selfweight and superior durability compared to the steel jacket. Jacketing with FRP
increases the strength and ductility of the RC columns [10]. However, the FRP jacket
cannot be directly used for strengthening a damaged RC column unless the surface of
the RC column is properly repaired. Moreover, the durability of FRP decreases under
freezing, thawing and temperature changes conditions [11].

Jacketing with FRP has a negligible positive influence on the yield load and flexural
capacity of RC columns [12]. Also, Jacketing with FRP depends mainly on the lateral
confinement pressure [2]. The circular FRP jacket generates a uniform confinement
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pressure to the column whereas, the square FRP jacket generates a nonuniform
confinement pressure to the column. This nonuniform confinement pressure decreases
the efficiency of confinement for the square FRP jacket [2, 13]. To enhance the
efficiency of the confinement for the square columns, two techniques are the
commonly used; rounding the corners of the section and shape modification. Rounding
the corners technique is limited due to the presence of the internal lateral steel and the
requirements of the concrete cover [13, 14]. Therefore, the shape modification
technique of the square column to a circular column is considered an effective
technique for improving the efficiency of the confinement for the square column [15].

The efficiency of confinement decreases for the RC column with a large size [13, 16].
In addition, the efficiency of confinement decreases when a column is subjected to an
eccentric axial load [15, 17, 18]. Therefore, several layers of FRP are required to
significantly increase the axial strength of RC column with a large size which is
subjected to an eccentric axial load. The increase of FRP layers is an expensive
solution and can lead to bond failure [11].

1.2 Reactive powder concrete (RPC)
Richard and Cheyrezy [19] prepared a special type of concrete with high strength and
high ductility, which was called reactive powder concrete (RPC). The RPC consists
of cement, silica fume, fine aggregate, water, superplasticiser and steel fibre, which is
usually used to improve the ductility of the RPC. The high strength of the RPC
decreases the required reinforcement and cross-sectional dimensions for the RPC
structural members compared to the normal-strength RC members [20].
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The RPC can be considered an expensive material on a per volume basis. Nevertheless,
the distinctive strength of RPC leads to an effective material saving, which in turn
leads to a considerable reduction in the whole cost of the construction. Therefore, the
RPC can be supplied commercially today in many countries [21].

The RPC has been used in some structural applications worldwide. The first project in
which the RPC was used is a filled steel tube composite footbridge at Sherbrooke in
Canada in 1997. Also, the RPC was used to build a foundation of a nuclear reactor
[22]. After that, RPC was used in the construction of footbridges in both Japan and
South Korea. However, the bridge over Shepherds Creek with a span of 15 metres and
width of 21 metres in Australia may be considered the first highway traffic bridge in
the world that was built by using the RPC [23]. The RPC was used also, in a footbridge
in New Zealand, in Power plant in France, for seawall anchors in Portugal, in QinghaiTibet Railway Bridge and Shawnessy Light Rail Transit Station [24]. Due to its
excellent durability, there was a suggestion introduced by the US Army Corps of
Engineers that proposed using the RPC for the production of sewer, culvert, and
pressure pipes [25]. Thus, precast prestressed high voltage columns, pressure
pipelines, drainage pipes of RPC have been made and produced in the USA today [26].
Even though RPC has superior compressive strength compared to the other types of
concrete, studies on the use of RPC in columns are still limited.

Malik and Foster [27] investigated the behaviour of circular RPC columns wrapped
with carbon fibre reinforced polymer (CFRP). The study reported that the axial load
capacity of the CFRP confined RPC column was 19% higher than that of the
unconfined column. Huynh et al. [28] studied the behaviour of square RC specimens
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constructed from high-strength concrete and RPC under three-point bending. The test
results showed that the partial replacement of the high-strength concrete by the RPC
increased the strength and the energy absorption of the specimens. Lee et al. [29] and
Chang et al. [30] used the RPC as a durable strengthening and repairing material. Lee
et al. [29] and Chang et al. [30] used the RPC for strengthening cylinder and prism
specimens exposed to hazardous conditions. However, the behaviour of RC columns
strengthened with RPC jacket has not been investigated as yet. Also, the behaviour of
RC columns strengthened with RPC jacket and FRP wrapping has not been
investigated as yet.

1.3 Objectives of the thesis
Based on the above, the RPC jacket and FRP wrapping together can be proposed as a
perfect jacketing system to retrofit the circular and square RC columns effectively.
This study includes the following objectives:
1. Experimental pilot study to examine the mechanical properties of non-fibrous
RPC, steel fibre reinforced RPC, glass fibre reinforced RPC and hybrid steel-glass
fibre reinforced RPC.
2. Experimental investigation of the axial and flexural performance of short circular
RC columns strengthened by RPC jacket and FRP wrapping.
3. Theoretical investigation of the axial load-bending moment interactions of circular
RC columns strengthened by RPC jacket and FRP wrapping.
4. Experimental investigation of the axial and flexural performance of short square
RC columns strengthened by the circularisation with RPC jacket and FRP
wrapping.
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5. Theoretical investigation of the axial load-axial strain responses of circular and
square RC columns jacketed with RPC and wrapped with FRP.

1.4 Scope of the thesis
The current research study includes preparation and testing of cylinder and prism
specimens to test the compressive strength, modulus of elasticity, splitting tensile
strength and shear strength of non-fibrous RPC, steel fibre reinforced RPC, glass fibre
reinforced RPC and hybrid steel-glass fibre reinforced RPC. In addition, the study
includes the preparation and testing of 16 circular RC column specimens. These
column specimens comprised base specimens with a circular section of 150 mm
diameter and 800 mm height. Four of the base specimens were considered as reference
specimens. The remaining specimens were strengthened by CFRP wrapping, RPC
jacket and RPC jacket then CFRP wrapping. The specimens were tested under
concentric axial load, 15 mm eccentric axial load, 25 mm eccentric axial load and fourpoint bending. By adopting the equivalent stress block method of the sectional
analysis, a theoretical approach to create the axial load-bending moment interactions
for the circular RC columns strengthened by RPC jackets and FRP wrapping was
presented. This study includes also, preparation and testing of 16 RC column
specimens with square RC base specimens of 150 mm side length and 800 mm height.
Four of the square base specimens were considered as reference specimens. Four of
the square base specimens were strengthened by CFRP wrapping, four specimens were
strengthened by the circularisation with RPC jacket and four specimens were
strengthened by the circularisation with RPC jacket then wrapped with CFRP. In each
group of four specimens, one specimen was tested under concentric axial load, one
specimen was tested under 20 mm eccentric axial load, one specimen was tested under
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40 mm eccentric axial load and one specimen was tested under four-point bending.
Lastly, the study presents an analytical approach to predict the responses of circular
and square RC columns jacketed with RPC and wrapped with FRP under uniaxial
compression.

1.5 Thesis layout
This thesis consists of seven chapters. Except in Chapters one and seven, the main
content of each chapter in this thesis was published or submitted for publication in
peer-reviewed academic journal. Chapter one presents an introduction to the research
topic and its objectives. Chapter two includes an experimental pilot study to evaluate
the mechanical properties of the non-fibrous reactive powder concrete and fibrereinforced reactive powder concrete. Chapter three presents an experimental study to
investigate the axial and flexural behaviour of circular RC columns strengthened by
RPC jacket and FRP wrapping. A theoretical approach for the axial load-bending
moment interactions of the circular RC columns jacketed with RPC and wrapped with
FRP is presented in Chapter four. Chapter five includes experimental program and
results of square RC columns strengthened by the circularisation with RPC jacket and
FRP wrapping. Chapter six presents a theoretical approach to predict the axial loadaxial strain responses of circular and square RC columns strengthened by RPC jacket
and FRP wrapping. Chapter seven summarises the results and reports the final
conclusions as well as the further recommended research.
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Preamble
The main objective of this thesis is to investigate the behaviour of RC columns
strengthened with RPC jacket and FRP wrapping. Therefore, it is important to find the
suitable properties of the RPC by which, the RPC can be used effectively as a jacketing
material. This chapter presents a pilot experimental study to investigate the mechanical
properties of non-fibrous reactive powder concrete (NF-RPC) and fibre-reinforced
reactive powder concrete (FR-RPC). The preliminary experimental program of this
chapter was undertaken to determine the most effective mix of the RPC in order to be
used as a jacketing material and to provide the mix design of the RPC for the main
experimental program of this research study. Four mixes of RPC were prepared. The
NF-RPC mix was considered as a reference mix. Also, RPC mixes with steel fibres,
glass fibres and steel-glass hybrid fibres were prepared. The compressive strength,
modulus of elasticity, splitting tensile strength and direct shear strength of the four
mixes of the NF-RPC and FR-RPC were examined.

2.1 Abstract
This study examines the properties of fibre-reinforced reactive powder concrete (FRRPC). Steel fibres, glass fibres and steel-glass hybrid fibres were used to prepare the
FR-RPC. The non-fibrous RPC (NF-RPC) was prepared as a reference mix. The
proportion of fibres by volume for all FR-RPC mixes was 1.5%. Steel fibres of 13 mm
length and 0.2 mm diameter were used to prepare the steel fibre-reinforced RPC (SFRRPC). Glass fibres of 13 mm length and 1.3 mm diameter were used to prepare the
glass fibre-reinforced RPC (GFR-RPC). The hybrid fibre-reinforced RPC (HFR-RPC)
was prepared by mixing 0.9% steel fibres and 0.6% glass fibres. Compressive strength,
axial load-axial deformation behaviour, modulus of elasticity, indirect tensile strength,
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and shear strength of the RPC mixes were investigated. The results showed that SFRRPC achieved higher compressive strength, indirect tensile strength and shear strength
than NF-RPC, GFR-RPC and HFR-RPC. Although the compressive strengths of GFRRPC and HFR-RPC were slightly lower than the compressive strength of NF-RPC,
the shear strengths of GFR-RPC and HFR-RPC were higher than that of NF-RPC.

Keywords: Reactive powder concrete; steel fibre; glass fibre; hybrid fibre.

2.2 Introduction
Reactive powder concrete (RPC) is a special type of high performance concrete
(HPC), which was introduced by Richard and Cheyrezy [1] in France in 1995. The
dense structure of RPC is formed mainly by cement, silica fume, fine aggregate, water,
and superplasticiser with the absence of the coarse aggregate. The RPC possesses
superior mechanical and durability properties compared to other types of HPC.
Nevertheless, like high strength concrete, RPC is susceptible to brittle failure. One of
the methods to increase the ductility of the RPC is the addition of fibres. Steel fibres
have long been used for this purpose [2-5].

Richard and Cheyrezy [1] prepared RPC with a compressive strength of 200 MPa.
Over the last two decades, however, many researchers prepared the RPC by using the
available materials with different mix components and curing methods. The prepared
RPC cured by using standard curing conditions (water tank with a temperature range
of 20-25 oC) achieved compressive strength ranging between 84 MPa to 212 MPa [4,
6-9]. Liu and Huang [10] prepared highly flowable RPC cured under autoclave
technique, which achieved only 75 MPa. The low compressive strength of the RPC
14

prepared by Liu and Huang [10] can be attributed to the high flowability of the RPC.
Ahmed et al. [11] also found that increasing the flowability of the RPC by increasing
the dosage of superplasticiser and decreasing the grading of the sand decreased the
compressive strength of the RPC [11].

Richard and Cheyrezy [1] recommended using steel fibres o f 2% by volume in the
RPC. The influence of the volume fraction of the steel fibres on the compressive
strength of the RPC varies depending on the type of the steel fibres. Al-Tikrite and
Hadi [9] revealed that the compressive strength of RPC increased by increasing
proportion of micro steel fibres from 1% to 4% by volume. However, Al-Tikrite and
Hadi [9] also found that increasing proportion of deformed steel fibres from 1% to 4%
by volume had a marginal effect on the compressive strength of the RPC [9].
Yunsheng et al. [3] prepared RPC using 0%, 2%, 3%, and 4% of steel fibres (13 mm
long with diameter 0.175 mm) by volume. The results demonstrated that the RPC with
4% of steel fibres by volume achieved higher compressive strength than RPC with
0%, 2% and 3% steel fibres by volume. Ju et al. [12] reported that the RPC mix with
1.5% steel fibres (13 mm long with diameter 0.2 mm) by volume achieved higher
compressive strength and tensile strength than the RPC mix with 0% and 1% steel
fibres (13 mm long with diameter 0.2 mm) by volume.

Recently, Al-Tikrite and Hadi [9] investigated the influence of micro steel fibres,
industrial deformed steel fibres and waste steel fibres on the mechanical properties of
RPC. The results showed that micro steel fibre reinforced RPC achieved higher
strength than the RPC with industrial and waste steel fibres. Also, the RPC with waste
steel fibres achieved higher strength and ductility than non-fibrous reactive powder
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concrete (NF-RPC) and achieved comparable strength and ductility to the RPC with
industrial steel fibres.

It was found from an extensive literature review that only a few studies investigated
the effect of replacing the steel fibres by the other types of fibres in the RPC, especially
to enhance the durability of the RPC in aggressive environments. For instance,
Shaheen and Shrive [13] used carbon fibres (3 mm long with a fibre to cement ratio
of 0.125 by weight) to produce more durable RPC against freezing and thawing than
steel fibre reinforced RPC (SFR-RPC). It was found that carbon fibre reinforced RPC
and SFR-RPC (12 mm long steel fibres with a fibre to cement ratio of 0.2 by weight)
achieved comparable durability against freezing and thawing. Also, carbon fibre
reinforced RPC achieved significantly higher compressive strength, tensile strength
and fracture toughness than NF-RPC. Sanchayan and Foster [14] used 2% by volume
of hybrid steel-polyvinyl alcohol (PVA) fibres to alleviate the explosive behaviour of
the RPC at high temperature. The test results revealed that RPC with 1% PVA by
volume plus 1% steel fibres by volume (50% steel fibres) achieved higher compressive
strength than the RPC with hybrid fibres containing 25% or 75% steel fibres by
volume plus the remaining percentage of PVA fibres (total 2% by volume of hybrid
fibres). Also, Canbaz [15] reported that RPC with 1% by volume of polypropylene
fibres achieved higher compressive strength than the RPC containing 0.5% and 1.5%
polypropylene fibres by volume before and after the exposure to high temperature.

Cement mortar with glass fibre (called glass fibre reinforced concrete, GFRC) has
been used in many architectural applications. In addition, the premix of GFRC has
been used in some structural members with compressive strengths ranging between 40
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MPa and 60 MPa [16]. The GFRC has also been used in other civil engineering
applications, which include construction of permanent formwork, lining of sewer
trunk line, bulky headwall, storage structures, and roofs [17]. Considering the
excellent corrosion resistance and the low self-weight of glass fibres, the inclusion of
glass fibres and steel-glass hybrid fibres in the RPC needs to be investigated.

This study investigates the compressive strength, axial load-axial deformation
behaviour, modulus of elasticity, indirect tensile strength and shear strength of RPC
containing 1.5% by volume of three different types of fibres: steel, glass, and hybrid
steel-glass fibres.

2.3 Experimental program
2.3.1 Materials
General purpose (Type GP) cement according to AS 3972-2010 [18] was used for all
mixes of non-fibrous reactive powder concrete (NF-RPC) and fibre-reinforced
reactive powder concrete (FR-RPC). Densified silica fume was used as a
supplementary cementitious material. This form of amorphous silica is a condensed
silica fume manufactured by the SIMCOA silicon plant in Western Australia [19] and
was supplied by the Australasian (iron & steel) Slag Association [20]. Washed fine
river sand with particles size between 0.15 mm and 0.6 mm and fineness modulus of
1 was used to prepare all the RPC mixes. The superplasticiser used in this study was
Sika viscocrete PC HRF-2 [21]. Tap water was used in all the RPC mixes. Steel fibres,
glass fibres and hybrid steel-glass fibres were used in this study. The steel fibres were
13 mm long and had 0.2 mm diameter with a nominal tensile strength of 2500 MPa.
Steel fibres were supplied by Steel Wire Fibre in China [22]. The glass fibres were
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high integrity alkali resistant glass (ARG) fibres, which were 13 mm long and had 1.3
mm diameter with a nominal tensile strength of 1500 MPa [23]. Glass fibres were
produced by NEG, Japan [23]. In this study, FR-RPC was prepared by adding 1.5%
fibres by volume. The hybrid fibres were a mix of 0.9% steel fibres and 0.6% glass
fibres by volume. Steel and glass fibres used in this study are shown in Figure 2-1.
The properties of the steel and glass fibres are listed in Table 2-1.

Glass fibre

Steel fibre

Figure 2-1: Steel and glass fibres

Table 2-1: Properties of steel and glass fibres
Property

Glass fibre [23]

Length (mm)

Steel fibre
[22]
13

Diameter (mm)

0.2

1.3

Aspect ratio (length/diameter)

65

10

Density (g/cm3)

7.8

2.8

Tensile Strength (MPa)

2500

1500

18

13

2.3.2 Mix proportioning and casting
Four RPC mixes were prepared based on the mix proportion suggested in Richard and
Cheyrezy [1]. However, some modifications were carried out due to the use of local
materials and the addition of fibres. The mix design of NF-RPC consisted of 880 kg/m3
cement, 220 kg/m3 silica fume, 924 kg/m3 fine sand, 48.4 l/m3 superplasticiser and
158.4 kg/m3 water. The steel fibre reinforced reactive powder concrete (SFR-RPC),
glass fibre reinforced reactive powder concrete (GFR-RPC), and hybrid-fibre
reinforced reactive powder concrete (HFR-RPC) were prepared by adding 1.5% steel
fibres, 1.5% glass fibres and 1.5% hybrid fibres (0.9% of steel fibre plus 0.6% of glass
fibre) by volume, respectively. The combination of 0.9% steel fibre and 0.6% glass
fibre was used, based on a preliminary study by the authors. The proportion of fibres
(1.5%) was selected based on the experimental study in Ju et al. [12]. A small amount
of the superplasticiser and water were added to SFR-RPC, GFR-RPC and HFR-RPC
mixes in order to keep the workability close to the workability of the reference mix
(NF-RPC). The water content and superplasticiser dosage for the FR-RPC mixes were
163.7 kg/m3 and 52.8 l/m3, respectively.

The RPC batches were mixed using a vertical pan mixer at 15 revolutions per minute.
The pan mixer was charged with the dry materials. The mixer was operated for about
5 minutes to maintain uniformity of the dry materials. Afterwards, water mixed with
superplasticiser was added gradually. First, about two-thirds of the fluid (water mixed
with superplasticiser) was added and mixed for about four minutes then the rest of the
fluid was added. The average total mixing time for the NF-RPC mix was about 18
minutes. The addition of the fibres was the last step in the mixing process. The fibres
were added to the mix by using a 16 mm sieve fixed on the mixer mesh cover during
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the mixing operation. No balling was observed during the addition and mixing of both
steel and glass fibres. In total, the average mixing time was about 23 minutes for the
FR-RPC. Workability of NF-RPC and FR-RPC mixes was examined by applying flow
table test according to ASTM C230/C230M-14 [24] (Figure 2-2). The ASTM
C230/C230M-14 [24] was also used to test the workability in Al-Tikrite and Hadi [9]
and Malik and Foster [25]. The test was conducted before casting the specimens. Only
15 drops were performed and the average flow diameter of the RPC mixes was
measured. The 15 drops achieved a reasonable average flow diameter (200 mm) for
the NF-RPC. Therefore, the 15 drops were taken as a reference. The average flow
diameters for the SFR-RPC, GFR-RPC and HFR-RPC were 190 mm, 180 mm and
185 mm, respectively, as presented in Table 2-2.

Figure 2-2: Flow table test

The RPC specimens were cast and compacted in layers inside the moulds according
to the recommendations of the standards [26-29]. The test specimens were compacted
using a table vibrator. Next, the specimens were covered with plastic sheets until the
demoulding of the specimens on the following day. Finally, the specimens were cured
in a water tank with a temperature range of 20-25 oC.
20

2.3.3 Test matrix
Three specimens each were tested to determine the properties investigated in this
study. Two different standard cylinder specimens were used: 100 mm × 200 mm
cylinder specimens for the compressive strength test and 150 mm × 300 mm cylinder
specimens for the modulus of elasticity and the splitting tensile strength tests. Also,
100 mm × 100 mm × 500 mm prism specimens were used for the shear strength test.
All tests were carried out at 28 days except the compressive strength test of the NFRPC which was carried out at 7, 28 and 56 days to determine the gain in the
compressive strength.

2.3.4 Test method of compressive strength
The compressive strength of all the specimens was determined according to AS
1012.9-2014 [27]. A standard compression machine with a capacity of 1800 kN was
used for the compressive strength test.

2.3.5 Test method of axial load-axial deformation behaviour and modulus of
elasticity
The axial load-axial deformation behaviour and modulus of elasticity of the RPC
mixes were investigated. The test was conducted according to AS 1012.17-2014 [27]
by using a Denison compression machine with a capacity of 5000 kN. The test was
performed with 150 mm × 300 mm cylinder specimens. The specimens were capped
with high strength plaster and tested after two hours of removing from the curing tank.
A standard compressometer with a linear variable differential transducer (LVDT) was
used to measure the axial deformation. The compressometer was positioned
symmetrically at the mid-height of the specimen, as shown in Figure 2-3. The length
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over which the axial deformation was measured was 114 mm. The axial load was
obtained directly from the test machine. The test was performed under a displacementcontrol loading of 0.3 mm per minute. The data were acquired through a Data
Acquisition System. The modulus of elasticity was determined using Equation (2-1):

𝐸𝐸 =

𝐺𝐺2 − 𝐺𝐺1
𝜀𝜀2 − 0.00005

(2-1)

where E = modulus of elasticity (MPa), G2 = stress that equals to 40% of the average
compressive strength (MPa), G1 = stress at 0.00005 axial strain (MPa) and 𝜀𝜀2 = axial

strain at G2 (mm/mm).

Figure 2-3: Test setup for axial load-axial deformation behaviour

2.3.6 Test method of indirect tensile strength
Indirect tensile strength of the RPC was determined by the Brazilian test according to
AS 1012.10-2014 [29]. Cylinder specimens of 150 mm × 300 mm were used to
perform the test. A compression machine with a capacity of 1800 kN was used to
perform the indirect tensile strength test (Figure 2-4). The cylinder specimens were
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tested immediately after removing from the curing tank, as recommended in AS
1012.10-2014 [29]. Splitting tensile strength was determined by using Equation (2-2).

𝑇𝑇 =

2000𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋

(2-2)

where T = splitting tensile strength (MPa), P = maximum applied load (kN), D =
diameter of specimen (mm), L = length of specimen (mm) and 𝜋𝜋 = 3.14.

Figure 2-4: Test setup for splitting tensile strength

2.3.7 Test method of direct shear strength
Shear strength test for NF-RPC and FR-RPC was conducted according to JSCE SF61999 [29] Prism specimens with dimensions of 100 mm × 100 mm × 500 mm were
used to perform the test. The test was conducted with some modifications to create
stress concentration. Two notches were created around the entire test specimen (Figure
2-5). The notches were created on the hardened specimens by using an electric saw.
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Each notch had a depth of 10 mm and a width of 2.5 mm. The load was applied by
using two steel loading edges. The out-to-out distance between the steel loading edges
was the same of the clear distance between the notches (100 mm). The specimen was
supported by two rigid steel blocks. The clear distance between the rigid steel blocks
was 105 mm. The schematic diagram of the test setup is shown in Fig. 5. A standard
hydraulic machine with a capacity of 300 kN was used for the test. The test setup of
the direct shear test is shown in Figure 2-6.

Figure 2-5: Schematic of the direct shear test

Figure 2-6: Test setup for shear strength
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2.4 Results and discussion
2.4.1 Compressive strength of NF-RPC and FR-RPC
Figure 2-7 shows age versus compressive strength for NF-RPC. The average
compressive strength of NF-RPC at 28 days was 90 MPa and the ratio of the 7-day
compressive strength to the 28-day compressive strength was 88%. It is noted that the
ratio of the compressive strength at 7 days to the compressive strength at 28 days of
NF-RPC is higher than that of normal strength concrete, which is usually about 66%
[30]. Hence, the ratio of the compressive strength at 7 days to the compressive strength
at 28 days for the RPC is higher than that of the normal strength concrete by about
33%. This indicates that RPC can be a suitable option for concrete structural members
that need high early compressive strengths such as columns on the ground floor of
high-rise buildings and footbridges. However, the ratio of the 56-day compressive
strength to the 28-day compressive strength of NF-RPC was about 113%, which is the
same as the ratio of the 56-day compressive strength to the 28-day compressive
strength for the normal strength concrete [30].

Compressive strength (MPa)
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Figure 2-7: Age versus compressive strength for NF-RPC
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As reported in above, the average compressive strength of NF-RPC was 90 MPa at 28
days which can be considered relatively low for the RPC. The low compressive
strength of NF-RPC can be attributed to the high dosage of the superplasticiser that
increased the air content in the RPC matrix and led to inadequate compaction. The
other possible reason for the relatively low compressive strength of NF-RPC was the
relatively high flowability of the NF-RPC (the average flow diameter of NF-RPC was
200 mm). The average compressive strength of SFR-RPC was 96 MPa. The increase
in the compressive strength of SFR-RPC compared to the compressive strength of NFRPC was due to the addition of steel fibres. The presence of the discrete steel fibres in
the SFR-RPC matrix decreased the lateral tensile stresses and increased energy
absorption capacity of SFR-RPC and led to an increase in the compressive strength
[5]. Similar findings were also reported in Ju et al. [12]. Ju et al. [12] reported that
SFR-RPC containing 1.5% steel fibres by volume achieved higher compressive
strength than NF-RPC. In contrast, the average compressive strengths of GFR-RPC
and HFR-RPC were 81 MPa and 85 MPa, respectively, as presented in Table 2-2.
Table 2-2: Experimental mechanical properties of NF-RPC and FR-RPC at 28 days*
Mix
notation

Compressive
strength (MPa)

Modulus of Indirect
elasticity, E tensile
(GPa)
strength, T
(MPa)
39
7.6

Shear
strength, 𝜏𝜏
(MPa)

90

Average
flow
diameter
(mm)
200

NF-RPC
St. Dev.

1.52

-

2.12

0.23

1.41

SFR-RPC

96

190

40

9.9

25

St. Dev.

2.51

-

2.83

0.26

3.05

GFR-RPC

81

180

37

5.7

16

St. Dev.

2.64

-

2.52

0.32

2.30

HFR-RPC

85

185

39

9.1

22

St. Dev.

2.46

-

2.51

0.37

2.64

26

10

* Each result is an average of three tested specimens

The lower compressive strength for GFR-RPC compared to that of NF-RPC was
probably due to the high aspect ratio of the glass fibres (aspect ratio = 10), which
formed extra air voids and caused the premature failure. However, the reduction in the
compressive strength for GFR-RPC was only 10%, which is less than the reduction of
the compressive strength (25% reduction) reported for the addition of polypropylene
fibres in RPC in Canbaz [15]. The compressive strength of the HFR-RPC was only
5.5% lower than that of NF-RPC. The lower reduction in the compressive strength of
the HFR-RPC compared to that of GFR-RPC was due to the presence of the steel fibre
in the HFR-RPC. The steel fibre in HFR-RPC was 60% of the total volume of the
fibres. This percentage of steel fibres decreased the reduction in the compressive
strength of the HFR-RPC.

Typical failure modes for the NF-RPC and FR-RPC investigated in this study under
axial compressive load are shown in Figure 2-8.

NF-RPC

SFR-RPC

GFR-RPC

HFR-RPC

Figure 2-8: Typical failure modes of NF-RPC and FR-RPC under compressive axial
load
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The failure of the NF-RPC was explosive with loud sound. The failure of the SFRRPC, HFR-RPC and HFR-RPC was ductile with slight sound and vertical cracks along
the specimens.

2.4.2 Axial load-axial deformation behaviour of NF-RPC and FR-RPC
Figure 2-9 shows typical axial load-axial deformation behaviour for the NF-RPC and
FR-RPC. The axial load-axial deformation behaviour of NF-RPC under uniaxial
compression was linear up to failure and all the specimens failed suddenly in an
explosive manner at the peak axial load. The addition of steel fibres, glass fibres and
hybrid fibres prevented the sudden failure. The SFR-RPC showed the most ductile
behaviour compared to the GFR-RPC and HFR-RPC. The axial load-axial
deformation behaviour of SFR-RPC exhibited significant deformation after the
maximum axial load. Afterwards, the axial load of the SFR-RPC dropped and
decreased steadily with increasing deformation (softening response).

NF-RPC
SFR-RPC
GFR-RPC
HFR-RPC

1800

Axial load (kN)

1500
1200
900
600
300
0
0

0.4

0.8

1.2

1.6

2

Axial deformation (mm)

Figure 2-9: Typical axial load-axial deformation behaviour of NF-RPC and FR-RPC
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The softening response dominated the axial load-axial deformation behaviour of SFRRPC up to the end of the test. The steel fibres contributed in the ductile response of
the SFR-RPC by extending the post-peak branch of the axial load-axial deformation
behaviour. It is well known that steel fibres arrest the propagation of cracks and delay
the onset of cracks in the concrete [31, 32]. The GFR-RPC and HFR-RPC specimens
failed with a significant drop in the axial load after the maximum axial load. However,
the drop in the axial load of the HFR-RPC followed by a decrease in the axial load
with increasing axial deformation up to the end of the test.

Figure 2-10 shows typical stress-strain behaviour for the NF-RPC and FR-RPC. The
NF-RPC had an average modulus of elasticity of 39 GPa. The average modulus of
elasticity of SFR-RPC was 40 GPa and the average modulus of elasticity of HFR-RPC
was 39 GPa. It is noted that steel and hybrid (steel+glass) fibres used in this study had
a marginal effect on the modulus of elasticity. The average modulus of elasticity of
GFR-RPC was 37 GPa. The lower modulus of elasticity for GFR-RPC compared to
that of NF-RPC was attributed to the lower compressive strength of GFR-RPC.

NF-RPC
SFR-RPC
GFR-RPC
HFR-RPC
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0.002

0.004

0.006
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Figure 2-10: Typical stress-strain behaviour of NF-RPC and FR-RPC
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2.4.3 Indirect tensile strength of NF-RPC and FR-RPC
The average indirect tensile strength increased by the addition of steel and hybrid
fibres from 7.6 MPa for NF-RPC to 9.9 MPa for SFR-RPC and 9.1 MPa for HFR-RPC
(Table 2-2). The average indirect tensile strength of GFR-RPC decreased compared to
that of NF-RPC. The average indirect tensile strength of GFR-RPC was found to be
5.7 MPa (Table 2-2). The lower indirect tensile strength for GFR-RPC compared to
that of NF-RPC could be explained by the failure type of fibre reinforced concrete
composite. Failure of fibre reinforced concrete composite occurred by either the
slippage or breaking of fibres based on the generated bond between the matrix material
and fibres [31]. In this study, the tensile failure can be associated with the slippage of
fibres due to the weak bond of the glass fibres with RPC matrix. This was probably
due to the insufficient chemical treatment of fibre surface, which was required to make
the surface texture structurally suitable to resist the high tensile stresses within the
RPC matrix. Typical failure modes for the SFR-RPC, GFR-RPC and HFR-RPC under
splitting tensile test are shown in Figure 2-11.
SFR-RPC

GFR-RPC

HFR-RPC

Figure 2-11: Typical failure modes of SFR-RPC, GFR-RPC and HFR-RPC
under splitting tensile test
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2.4.4 Direct shear strength of NF-RPC and FR-RPC
The direct shear test was conducted with some modifications of the recommendations
in JSCE SF6-1999 [29]. Two notches around the test specimens were formed to induce
double shear failure. However, all the RPC test specimens failed under direct shear
load in one side only. This is probably because the specimens were not restrained at
the supports. Hence, the shear strength was calculated according to Equation (2-3),
considering single shear failure.

𝜏𝜏 =

1000𝑃𝑃
𝐵𝐵𝐵𝐵

(2-3)

where, 𝜏𝜏 = shear strength (MPa), P = maximum applied load (kN), B = effective width
of specimen (mm) and H = effective height of specimen (mm).

Some of the shear failure modes are shown in Figure 2-12. The test observations
revealed that the single shear failure of NF-RPC was typical and sudden at the
maximum load and identical to the failure of SFR-RPC, HFR-RPC and GFR-RPC.

Figure 2-12: Typical failure modes of NF-RPC and FR-RPC under direct shear

31

A significant improvement in the direct shear strength of NF-RPC occurred by the
addition of the fibres. The average direct shear strength increased clearly from 10 MPa
for NF-RPC to 25 MPa for SFR-RPC, 16 MPa for GFR-RPC and 22 MPa for HFRRPC (Table 2-2). Maroliya [34] also found that the shear strength of RPC increased
with the addition of steel fibres. Boulekbache et al. [35] reported that the addition of
steel fibres increased the direct shear strength of both normal and high strength
concrete. Although RPC had no coarse aggregate, the direct shear strength of the RPC
increased with the addition of steel fibres.

Based on the results of this study, it was observed that SFR-RPC exhibited superior
performance compared to NF-RPC, GFR-RPC and HFR-RPC. In particular, SFRRPC attained higher compressive strength, modulus of elasticity, splitting tensile
strength as well as shear strength than NF-RPC, GFR-RPC and HFR-RPC. However,
this study demonstrated that FR-RPC could be produced by the addition of glass or
steel-glass hybrid fibres. The GFR-RPC and HFR-RPC can be considered as
alternatives of SFR-RPC when the use of only steel fibres in the RPC mix is not
desirable (e.g., structural RPC members exposed to corrosive environment). This
study also showed that the addition of fibres (steel, glass and steel-glass) in the RPC
matrix could increase the shear strength significantly.

2.5 Conclusions
An experimental program was conducted to investigate the influence of steel, glass
and steel-glass hybrid fibres on the compressive strength, modulus of elasticity,
indirect tensile strength and shear strength of RPC. Based on the experimental results
of this study, the following main conclusions can be drawn.
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1. The ratio of the compressive strength at 7 days to the compressive strength at 28
days for NF-RPC was 88%. The ratio of compressive strength at 56 days to the
compressive strength at 28 days for NF-RPC was 113%. The ratio of compressive
strength at 7 days to the compressive strength at 28 days for NF-RPC was found
to be about 33% higher than that of normal strength concrete. The ratio of
compressive strength at 56 days to the compressive strength at 28 days for NFRPC was found to be similar to that of normal strength concrete. The addition of
steel fibres in the RPC increased the average compressive strength by 6.6%, while
the addition of the glass and the hybrid (steel plus glass) fibres in the RPC
decreased the average compressive strength by 10% and 5.5%, respectively,
compared to the average compressive strength of NF-RPC.
2. The average modulus of elasticity of NF-RPC was 39 GPa. The SFR-RPC achieved
modulus of elasticity marginally higher than that of NF-RPC, and HFR-RPC
achieved modulus of elasticity equals to that of NF-RPC. In contrast, the average
modulus of elasticity for GFR-RPC was 5% lower than the modulus of elasticity
for NF-RPC.
3. Average splitting tensile strength of NF-RPC increased by about 30% and 20%
with the addition of the steel and hybrid steel-glass fibres, respectively. However,
the average splitting tensile strength of NF-RPC decreased by 25% after the
addition of the glass fibres.
4. The average shear strength of RPC under direct shear demonstrated a significant
improvement with the addition of the fibres (steel, glass and steel-glass fibres). The
SFR-RPC achieved average shear strength about 150% higher than that of NF-RPC.
Also, the average shear strengths of GFR-RPC and HFR-RPC were about 60% and
120%, respectively, higher than that of NF-RPC.
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Summary
The purpose of the pilot study presented in this chapter was to examine the mechanical
properties of NF-RPC and FR-RPC. This was done to determine the most suitable
RPC mix to be used as an efficient jacketing material for RC columns. Based on the
experimental results of this pilot study, the SFR-RPC mix was found to be the most
efficient mix to be used as a jacketing material for RC columns from a structural
perspective. However, GFR-RPC and HFR-RPC were proposed to be used as
jacketing materials in further studies. The GFR-RPC and HFR-RPC can be considered
as alternatives for the SFR-RPC in the corrosive environments. The next chapter
presents an experimental preliminary study to investigate the axial and flexural
behaviour of circular RC columns strengthened with SFR-RPC jacket and FRP
wrapping.
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Preamble
The main experimental program and results of this research study is presented in this
chapter. The chapter presents a preliminary experimental study to investigate the axial
and flexural behaviour of circular RC columns jacketed with SFR-RPC and wrapped
with FRP. In this chapter and the remaining chapters of this study, the SFR-RPC was
identified as RPC for simplicity. The mix design of RPC used in the study of this
chapter was based on the results of Chapter two. However, some modifications were
made on the mix design to achieve more flowability. The base RC column specimens
in this study were strengthened with FRP wrapping, RPC jacketing and RPC jacketing
with FRP wrapping. The reference and strengthened RC specimens were tested under
concentric axial load, eccentric axial loads and four-point bending. The experimental
axial load-bending moment interactions of the reference and strengthened specimens
were presented.

3.1 Abstract
This paper investigates axial and flexural behaviour of circular reinforced concrete
(RC) columns strengthened with reactive powder concrete (RPC) jacket and fibre
reinforced polymer wrapping. The experimental results of 16 circular RC column
specimens have been presented. The specimens were divided into four groups of four
specimens. Column specimens of the first group were the reference RC specimens
without any strengthening, specimens of the second group were strengthened by
wrapping with two layers of carbon fibre reinforced polymer (CFRP), specimens of
the third group were jacketed with a 25 mm thick layer of RPC and specimens of the
fourth group were jacketed with a 25 mm thick layer of RPC then wrapped with a
single layer of CFRP. Test results demonstrated that jacketing with a thin layer of the
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RPC enhanced significantly the ultimate axial and flexural loads as well as energy
absorption of circular RC column specimens. Wrapping the RPC jacketed specimens
with CFRP improved the ultimate axial load, ductility and energy absorption of the
specimens.

Keywords: Concrete columns; Reactive powder concrete; FRP; Jacketing; Wrapping.

3.2 Introduction
Reinforced concrete (RC) columns in buildings, highway bridges and other
infrastructure may need to be strengthened in some cases. These cases include
deterioration due to corrosion of steel reinforcement, damage after an earthquake
event, inadequate design, functional changes and construction errors. Deficient RC
columns have to be repaired before strengthening [1]. Jacketing is one of the most
practical techniques used for restoring deficient RC columns [2]. The traditional
reinforced concrete jacket probably no longer remains an effective jacketing technique
as it is associated with several disadvantages including decrease in the available space
of the strengthened structure, a significant increase of the dead load, slow construction
process and practical problems for the required dowelling with the existing column as
well as with the slab and foundation [1, 3, 4].

The other commonly used jackets for increasing the axial strength of RC columns are
steel and fibre reinforced polymer (FRP) jackets [5]. Steel jacket has the problem of
low corrosion resistance [6]. Hence, FRP is considered as one of the most suitable
jacketing materials for strengthening RC columns. The FRP has a higher strength to
weight ratio and superior durability compared to steel [7]. Wrapping RC columns with
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FRP increases the strength and ductility of the RC columns. However, FRP wrapping
cannot be applied directly for strengthening a deteriorated RC column unless the
surface of the RC column is suitably repaired. Also, the reliability of FRP wrapping
decreases under freezing, thawing and temperature changes [8].

Similar to steel jacket, FRP jacket depends mainly on the principle of the lateral
confinement pressure [6]. The efficiency of the confinement decreases when a column
is subjected to an eccentric axial load [9-11]. Also, the confinement effect decreases
when the diameter of the cylindrical concrete specimens increases [12]. Thus, several
layers of FRP are required if only FRP wrapping is used for the strengthening of large
diameter RC columns. Increasing the FRP layers is not only expensive but also causes
bond failure [8]. Moreover, only slight improvement in the yield strength and flexural
capacity of the RC column can be achieved by the FRP wrapping [13].

Reactive powder concrete (RPC) is a high performance concrete with high strength
and high ductility [14]. The RPC has a dense structure, which is formed mainly by
cement, silica fume, fine aggregate, water and superplasticizer. Steel fibre is usually
used to improve the ductility of the RPC. The absence of the coarse aggregate in the
RPC matrix is the main difference between the RPC and the other types of concrete.
The high strength of the RPC reduces the required reinforcement and cross-sectional
dimensions for the RPC structural members compared to the conventional RC
members [15]. Lee et al. [16] and Chang et al. [17] proposed using the RPC as a
durable strengthening and repairing material. Lee et al. [16] and Chang et al. [17] used
the RPC to strengthen cylinder and prism specimens exposed to hazardous conditions
to increase the compressive and flexural strength of the specimens. Even though RPC
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has a superior compressive strength compared to other types of concrete, studies on
the use of RPC in the columns are still very limited. Malik and Foster [18] however,
conducted an experimental study on circular RPC column specimens wrapped with
carbon fibre reinforced polymer (CFRP). The study reported that the axial strength of
the CFRP confined RPC column specimen was 19% higher than the axial strength of
unconfined column specimen. Also, Huynh et al. [19] examined the behaviour of
square RC specimens constructed of high strength concrete (HSC) and RPC under
three-point bending. The test results indicated that the partial replacement of the HSC
by the RPC enhanced the strength and energy absorption capacity of the tested
specimens. However, strengthening of RC columns with RPC jacket has not been
investigated yet.

This study proposes using RPC jacket for strengthening existing deficient circular RC
columns. The objective of this study is to develop an effective strengthening technique
with RPC jacket and FRP wrapping for the existing deficient circular RC columns.
The experimental investigation results of circular RC column specimens strengthened
with a thin layer of RPC jacket and wrapped with FRP tested under different loading
conditions have been presented. The loading conditions included concentric axial load,
eccentric axial loads and four-point bending.

The innovating strengthening technique of using RPC jacket and FRP wrapping has
been found to be effective in increasing the yield load, ultimate load and energy
absorption capacity of existing deficient circular RC columns.
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3.3 Experimental program
3.3.1 Test matrix
The experimental program of this study included preparing and testing of 16 RC
column specimens. These specimens were divided into four groups of four specimens
based on the adopted strengthening technique. All base specimens (assumed to be
existing columns) had a diameter of 150 mm with a height of 800 mm. Each base
specimen was reinforced longitudinally with 6N10 (6 deformed steel bars of 10 mm
diameter) and transversely with R6 (smooth steel bar of 6 mm diameter) helices at a
centre to centre spacing of 50 mm. A clear concrete cover of 15 mm was provided at
the sides and at the top and bottom of the specimen. All base specimens were cast with
normal strength concrete (NSC) having a target compressive strength of 25 MPa. The
NSC was supplied by a local company. The first group was the reference RC base
specimens without any strengthening and was identified as Group C specimens.
Specimens of the second group were wrapped with two layers of CFRP and were
identified as Group CF specimens. The specimens of the third group were strengthened
with a 25 mm thick RPC jacket and were identified as Group CJ specimens. The
thickness of 25 mm was chosen for RPC jacket because the thickness of 25 mm was
considered as the minimum practical thickness of the RPC jacket for the ease of cast
and compaction. The specimens of the last group were strengthened with a 25 mm
thick RPC jacket then wrapped with a single layer of CFRP. The specimens of the last
group were identified as Group CJF specimens. The plan views of the reference and
the strengthened specimens are shown in Figure 3-1. From each group, one specimen
was tested under concentric axial load, two specimens were tested under 15 mm and
25 mm eccentric axial loads, respectively, and the remaining specimen was tested
under four-point bending.
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To identify the loading condition, a number or a letter were added to the labels of the
specimens. The first part of each specimen label refers to the group name and the
second part refers to the loading condition. For instance, Specimen CF-25 refers to the
specimen that was wrapped with two layers of CFRP and tested under 25 mm eccentric
axial load. Specimen CJ-B was jacketed with 25 mm thick RPC and tested under fourpoint bending. The details of the specimens are presented in Table 3-1.

Figure 3-1: Plan view of the reference and the strengthened specimens

3.3.2 Preparation of RPC
Typical RPC mix usually includes cement, silica fume, fine sand, superplasticizer,
water and steel fibre. General Purpose cement (Type GP) according to AS 3972-2010
[20] was used to prepare the RPC. Densified silica fume was used as a supplementary
cementitious material. The silica fume was produced in SIMCOA silicon plant,
Western Australia [21], and was supplied by Australasian (iron & steel) Slag
Association [22]. The sand used for the RPC was washed fine river sand with particle
size ranging between 150 µm and 600 µm. Master Glenium SKY 8700 used as a
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superplasticizer, which was supplied by BASF, Australia [23]. The steel fibres used in
this study were straight and smooth with a length of 13 mm, a diameter of 0.2 mm, an
aspect ratio (length/diameter) of 65, a density of 7.8 g/cm3 and a nominal tensile
strength of 2500 MPa [24]. The steel fibres are shown in Figure 3-2. The steel fibres
were supplied by Steel Wire Fibre in China [24].
Table 3-1: Test matrix
Specimen
C-0

Dimensions
(mm)
Ø150 × 800

Longitudinal
reinforcemen
6N10

Transverse
Jacket
reinforcement type
R6@50 mm
None

C-15
C-25
C-B
CF-0

Ø150 × 800

Two
layers of
CFRP

CF-15
CF-25
CF-B
CJ-0

Ø200 × 800

RPC

CJ-15
CJ-25
CJ-B
CJF-0

Ø200 × 800

RPC +
One layer
of CFRP

CJF-15
CJF-25
CJF-B
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Loading
condition
Concentric
15 mm
eccentric
25 mm
eccentric
Four-point
bending
Concentric
15 mm
eccentric
25 mm
eccentric
Four-point
bending
Concentric
15 mm
eccentric
25 mm
eccentric
Four-point
bending
Concentric
15 mm
eccentric
25 mm
eccentric
Four-point
bending

The RPC mix design is presented in Table 3-2. The proportion of the steel fibre was
1.5% by volume. The proportion of steel fibre (1.5% by volume) was selected based
on the experimental findings in Ju et al. [25]. Mixing of RPC batches was carried out
using a vertical pan mixer in the Structural Engineering Laboratories at the University
of Wollongong, Australia. Flow table test according to ASTM C230-14 [26] was used
to evaluate the flowability of the RPC. The produced RPC achieved high flowability
with 220 mm flow diameter.

Figure 3-2: Steel fibres

Table 3-2: Components of RPC mix
Components kg/m3 (by cement mass)
Cement

Silica
fume

River sand
(150-600)
µm

Superplasticiser

Water

Steel
fibre
13 mm
length

880
(1.00)

220
(0.25)

924 (1.05)

50.16 (0.057)

176
(0.20)

117
(0.13)

3.3.3 Properties of materials
Engineering properties of the NSC and RPC were determined according to AS 10122014 [27- 29] except the shear strength of the RPC which was determined according
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to JSCE SF6-1999 [30]. The details of the specimens and tests results for the RPC at
28 days are shown in Table 3-3. The average compressive strength of the RPC was
110 MPa at 28 days (start of the test) and 113 MPa at the end of the test. At age of 28
days, the average splitting tensile strength of the RPC was 9 MPa. The splitting tensile
test was used to determine the tensile strength of the RPC, as recommended in AS
3600-2009 [31] for concrete. The average modulus of rupture of the RPC was 12 MPa
and the average shear strength was 30 MPa. The NSC had an average compressive
strength of 29 MPa and an average splitting tensile strength of 2.5 MPa at 28 days.
The compressive strength of the NSC was 33 MPa at the start of the test and 35 MPa
at the end of the test.
Table 3-3: Mechanical properties of the RPC on the 28th day
Property
Compressive strength
(MPa)
Splitting tensile strength
(MPa)
Modulus of rupture (MPa)
Shear strength (MPa)

Specimen
type
Cylinder

Specimen Dimensions
(mm)
100×200

Test
result
110

Cylinder

150×300

9

Prism

100×100×500

12

Prism

150×150×500

30

The tensile strength of both longitudinal and transverse steel reinforcement bars of the
base specimens was determined according to AS 1391-2007 [32] using the Instron
8033 testing machine with a capacity of 500 kN. The deformed N10 steel bar had an
average yield tensile strength of 524 MPa and an average ultimate tensile strength of
660 MPa. The smooth R6 steel bar had an average yield tensile strength of 578 MPa
and an average ultimate tensile strength of 613 MPa. The CFRP sheet had an average
width of 100 mm and an average thickness of 0.3 mm. The coupon test according to
ASTM D3039-08 [33] was used to determine the tensile strength of the CFRP. The
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specimens of the coupon test had an average width of 25 mm and an average length
of 250 mm. The test was conducted using the Instron 8033 testing machine with a
capacity of 500 kN. The average maximum tensile force per unit width of one layer of
the CFRP sheet was 537 N/mm. The average maximum tensile force per unit width of
two layers of the CFRP sheets was 1249 N/mm. Test results of the CFRP with one and
two layers are reported in Table 3-4.
Table 3-4: Properties of the CFRP sheets
Property

Number of layers
1

2

Average Width (mm)

25

25

Average maximum
tensile strain (mm/mm)

0.0186

0.0247

Average tensile modulus
per unit width (N/mm)

28871

50567

Average maximum
tensile force per unit
width (N/mm)

537

1249

3.3.4 Preparation of test specimens
Formwork of the base specimens was prepared by using PVC pipes with a clear
interior diameter of 150 mm and a height of 800 mm. The PVC pipes were supported
by plywood frames at the top and the bottom. The bottoms of the PVC pipes were
fixed with a plywood base by silicon glue. The longitudinal bars were cut and tied
with the helix to form reinforcement cages. All reinforcement cages were placed inside
the formworks. The NSC was cast inside the formwork then compacted using two
small electric vibrators. The base specimens were left to cure for one day then covered
with wet hessian rugs for six days. The base specimens were demoulded after seven
days of the wet curing then left to cure under the laboratory conditions until the day
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of the RPC jacketing (26-day age). Eight base specimens were jacketed with RPC
(Groups CJ and CJF) and the remaining eight specimens were left without jacketing.
Later, four of the unjacketed specimens were wrapped with two layers of CFRP
(Group CF) and the remaining four specimens were left without any wrapping as
reference specimens (Group C).

During the curing period of the base specimens, surface preparation and the formwork
of the RPC jacket for eight base specimens (Groups CJ and CJF) were completed. To
ensure sufficient bond strength between the surface of the base specimen and the RPC
jacket, adequate care was taken to make the surface of the base specimen rough. At
first, the base specimen was sandblasted inside a closed sandblasting chamber.
Afterwards, a small chipping hammer was used to prickle the zones of the base
specimen which were not adequately sandblasted (Figure 3-3).

Chamber

Sandblasting
accessories

Chipping
hammer

(a)

(b)

Figure 3-3: Preparation of surface of base specimen: (a) sandblasting chamber with
accessories and (b) use of chipping hammer
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Next, a steel wire brush was used to remove all the weak particles from the surface of
the base specimen. The specimens were then cleaned by an air jet. At last, the surface
of the base specimen was cleaned with a piece of wet cloth and left to dry in the
laboratory.

The formwork of the RPC jacket was prepared by using an easy form cardboard with
a 200 mm clear interior diameter. After the surface preparation was done, the eight
base specimens were placed on a plywood base then each cardboard formwork was
installed on a specimen and glued with the plywood base. The cardboard formwork
was supported vertically by plywood frames at the top, mid-height and bottom. The
RPC jackets were then cast. Two small electric vibrators were applied on the outer
surface of the formwork to compact the RPC.

The flowability of the produced RPC was high enough to achieve an efficient pouring
for the RPC between the formwork and the base specimen. Figure 3-4 shows the
formwork of the base and RPC jacketed specimens before and after jacketing. The
RPC jacketed specimens (Groups CJ and CJF) were left to cure for one day then
covered with wet hessian rugs for six days. Afterwards, the eight jacketed specimens
were demoulded. Four specimens (Group CJF) were prepared for wrapping with
CFRP.
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(a)

(b)

(c)

Figure 3-4: Formworks of the base and jackted specimens: (a) formwork of base
specimen, (b) formwork of jackted specimen and (c) jacketed specimen after casting
The specimens of Groups CF and CJF were wrapped with CFRP sheets by the wet
layup technique. First, the CFRP sheets were cut into pieces of specified lengths equal
to the specimen circumference (or twice the specimen circumference in case of two
layers wrapping) plus 100 mm for the circumferential overlap. The CFRP sheet was
coated with epoxy resin on both sides. The epoxy resin was prepared by mixing epoxy
and hardener at a ratio of 5:1 by volume. The specimen surface was also coated with
the epoxy resin. The coated CFRP sheet was wrapped gently on the surface of the
specimen without adding any additional epoxy resin between the layers. Lastly, the
surface of the CFRP sheet was coated with a very thin layer of epoxy resin, especially
at the overlap zone. This technique was found to be effective in preventing de-bonding
failure between the CFRP layers during testing. The CFRP sheets were wrapped with
a vertical overlap of 10 mm. The specimens of Groups CF and CJF were wrapped
entirely with CFRP. Specimens of Group CF were wrapped with two layers of CFRP,
whereas the Specimens of Group CJF were wrapped with one layer of CFRP.
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All specimens which were tested under the concentric and eccentric axial loads were
wrapped at the ends with two layers of CFRP of 100 mm wide to prevent any
premature failure at the ends of the specimen during testing. The four specimens which
were tested under four-point bending were wrapped with two layers of CFRP from the
two ends up to the mid one-third (up to the pure bending moment zone) of the
specimen. This was done to avoid shear failure for Specimen CJ-B. The same wet
layup technique was used to wrap the ends of the specimens. All wrapped specimens
were left to cure in the laboratory for at least seven days before testing.

3.3.5 Instrumentation and test procedure
All reference and strengthened RC specimens were tested using the Denison testing
machine with a capacity of 5000 kN under displacement control load application at
0.5 mm per minute. The data of the axial load were captured directly from load cell of
the testing machine, while the data of the axial deformation were recorded from
average readings of two Linear Variable Differential Transducers (LVDTs). The two
LVDTs were connected with the lower plate of the test machine and attached vertically
with the two opposite corners of the upper plate of the test machine. The mid-height
lateral deformation of the eccentrically loaded specimens and the midspan deflection
of the four-point bending test specimens were captured by a laser triangulation.
Loading heads similar to those used by Hadi et al. [34] were used to apply the eccentric
axial load. The specimens were capped at the top and bottom using high strength
plaster and left to dry for about one hour before the test. The test setup of the
eccentrically loaded specimen is shown in Figure 3-5.
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LVDT

Laser triangulation
Loading heads

Figure 3-5: Test setup of eccentrically loaded specimen

The steel frame that was used for the four-point bending test of Specimens CB, CFB,
CJB and CJFB was similar to that used by Hadi et al. [35]. The shear span provided
for all the specimens tested under four-point bending was 233 mm.

3.4 Results of testing
3.4.1 Definition of strengthening ratio, ductility and energy absorption ratio
To investigate the influence of the proposed strengthening method, the strengthening
ratio was calculated at both yield and ultimate loads. The yield strengthening ratio was
expressed as the ratio of the yield load of the strengthened specimen to the yield load
of the corresponding reference specimen in Group C. The ultimate strengthening ratio
was expressed as the ratio of the ultimate load of the strengthened specimen to the
ultimate load of the corresponding reference specimen in Group C.
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The ductility was calculated by dividing the deformation corresponding to the 85% of
the peak load in the descending part of the load-deformation curve by the deformation
at yield load (δy) [36]. The δy was determined by the intersection point of two straight
lines. The first straight line is the best-fit regression line to the linear segment of the
load-deformation curve and the second line is a horizontal straight line passing through
the ultimate load [37].

Energy absorption was calculated as the area under the load-deformation curve. In this
study, energy absorption for the specimens tested under concentric and eccentric axial
loads was expressed as the area under the load-deformation curve at 3δy [38].
However, energy absorption at 3δy for the specimens tested under four-point bending
was considered misleading, because the deflection 3δy occurred at a flexural load
before the specimen reached the ultimate flexural load. Therefore, energy absorption
of the specimens tested under four-point bending was expressed as the area under the
load-deflection curve up to 10.5δy [38]. The energy absorption ratio was expressed as
the ratio of the energy absorption of the strengthened specimen to the energy
absorption of the corresponding reference specimen in Group C.

3.4.2 Behaviour of the concentrically loaded specimens
Figure 3-6 shows the axial load-axial deformation response of the reference specimen
and the strengthened specimens under concentric axial load. Specimen C-0
experienced premature concrete cover spalling at the mid-height followed by large
cracks at different locations in the specimen. The premature concrete cover spalling
was probably due to the relatively small pitch of the transverse reinforcement, which
formed a plane of separation between the concrete core and the concrete cover. Final
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failure of Specimen C-0 occurred due to the buckling of the longitudinal steel bars, as
shown in Figure 3-7. The yield axial load of Specimen C-0 was 536 kN and the yield
axial deformation was 2.9 mm (Table 3-5). Specimen C-0 achieved an ultimate axial
load of 615 kN. After the spalling of concrete cover, the confinement of the transverse
reinforcement was activated and the specimen carried the applied axial load with a
ductility of 5.7. This high ductility was due to the high yield strength and the relatively
small pitch of the transverse reinforcement which generated high confinement to the
concrete core. However, this high ductility may not be representative of the existing
deteriorated RC columns. The energy absorption of the specimen was 4297 kN.mm.
The axial deformation at the final failure of Specimen C-0 was 19 mm.
2500
C-0
CF-0
CJ-0
CJF-0

Axial load (kN)

2000
1500
1000
500
0
0

5

10

15

20

25

Axial deformation (mm)

Figure 3-6: Axial load-axial deformation responses of the specimens tested under
concentric axial load

Specimen CF-0 failed suddenly by the rupture of the CFRP and by the crushing of
concrete at the mid-height segment of the specimen, as shown in Figure 3-7. The
ultimate axial load of 1245 kN was achieved by a quasi-bilinear behaviour with an
increase in the axial load with the increase in the axial deformation (hardening
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response). Yield strengthening ratio of 1.33 and ultimate strengthening ratio of 2.02
were achieved by Specimen CF-0 (Table 3-5).

Figure 3-7: Failure modes of the specimens tested under concentric axial load

Table 3-5: Experimental results of specimens tested under concentric axial load
Specimen

C-0

CF-0

CJ-0

CJF-0

Yield axial load (kN)

536

714

1490

1977

Axial deformation at
yield axial load (mm)
Ultimate axial load
(kN)
Axial deformation at
ultimate axial load (mm)
Yield strengthening
ratio
Ultimate strengthening
ratio
Ductility

2. 9

4.5

2.4

3.4

615

1245

1573

2094

4.5

17.6

2.7

6

1

1.33

2.78

3.69

1

2.02

2.55

3.4

5.7

4

1.4

1.8

Energy absorption
(kN.mm)
Energy absorption ratio

4297

6165

6867

13221

1

1.43

1.6

3.07

Specimen CF-0 demonstrated a lower ductility compared to Specimen C-0. The
ductility of Specimen CF-0 was 4. However, the energy absorption ratio was 1.43. The
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lower ductility of Specimen CF-0 compared to that of Specimen C-0 was due to the
sudden rupture of the CFRP and crushing of concrete which caused the final failure of
the specimen before the buckling of the longitudinal steel bars at an axial deformation
of 18 mm, which was only 5% lower than that of Specimen C-0. No residual axial load
capacity for the Specimen CF-0 was observed after the ultimate axial load.

The failure of Specimen CJ-0 started with a vertical crack along the length of the
specimen then inclined and vertical cracks were developed in several locations in the
specimen (Figure 3-7). This was because of the inadequate lateral tensile strength of
the RPC jacket, which was not able to resist the expansion of the concrete core. The
ultimate axial load of Specimen CJ-0 was only 6% higher than the yield axial load as
the confinement of the RPC jacket on the concrete core was not significant. After
reaching the ultimate axial load, the axial load dropped to about 80% of the ultimate
axial load due to the vertical splitting in the RPC jacket. This was followed by a
softening phase, as the RPC jacket did not entirely fail. Later, the axial load dropped
to about 55% of the ultimate axial load due to the inclined splitting in the RPC jacket.
Afterwards, the confinement provided by the steel helices prevented further expansion
of the concrete core and the specimen showed a decrease in the axial load with the
increase in the axial deformation (softening response). The final failure occurred when
some parts of the RPC jacket were separated from the body of the specimen (Figure
3-7). Specimens CJ-0 had a gradual failure during the test and the concrete core of the
specimen demonstrated resistance and integrity up to the end of the test. Axial
deformation of Specimens CJ-0 at failure was 21 mm, which was about 10% higher
than the axial deformation of Specimen C-0 at failure. Specimen CJ-0 achieved a
significant enhancement in the axial load capacity with a yield strengthening ratio of
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2.78 and an ultimate strengthening ratio of 2.55 (Table 3-5). The ductility of Specimen
CJ-0 was 1.4, which is less than the ductility of Specimen C-0. This can be attributed
to the considerable enhancement in the axial stiffness due to the RPC jacket, which
decreased the deformability and thereby decreased the ductility. Nevertheless, the
energy absorption ratio of Specimen CJ-0 was 1.6.

Specimen CJF-0 failed by the rupture of the CFRP at the upper one-third segment of
the specimen followed by crushing of RPC jacket (Figure 3-7). The axial load of the
specimen increased up to the ultimate axial load due to the wrapping of the CFRP.
Afterwards, a drop in the axial load occurred due to the rupture of the CFRP, which
decreased the axial load to about 75% of the ultimate axial load. The subsequent drop
in the axial load decreased the axial load to about 50% of the ultimate axial load, which
occurred due to the crushing in the RPC jacket. This was followed by a ductile
behaviour with softening response due to the confinement of the steel helices up to the
end of the test. The test was stopped when the axial deformation of Specimen CJF-0
reached to 25 mm. It is noted that Specimen CJF-0 did not entirely fail at the axial
deformation of 25 mm. Specimen CJF-0 had a yield strengthening ratio and an
ultimate strengthening ratio of 3.69 and 3.4, respectively. The ductility of Specimen
CJF-0 was 1.8 and the energy absorption ratio was 3.07 (Table 3-5).

It is apparent that Specimens CJ-0 and CJF-0 had higher ultimate axial load and energy
absorption capacity than Specimen CF-0. In addition, the yield strengthening ratio of
Specimens CJ-0 and CJF-0 was 109% and 177%, respectively, higher than the yield
strengthening ratio of Specimen CF-0. This indicates that the strengthening of circular
RC columns with RPC and RPC plus CFRP is more effective than strengthening with
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CFRP only to achieve a higher yield strength. This can be explained by the fact that
confinement has a marginal beneficial effect on the yield strength. Furthermore, the
ductility of Specimen CJF-0 was 28% higher than the ductility of Specimen CJ-0 and
energy absorption of Specimen CJF-0 was 92% greater than energy absorption of
Specimen CJ-0. Wrapping of the RPC jacket for Specimen CJF-0 not only increased
the ultimate axial load and the ductility but also prevented the expansion of the
concrete core, which was the major cause of the failure of Specimen CJ-0.

3.4.3 Behaviour of the eccentrically loaded specimens
Axial load-axial deformation response of the specimens tested under eccentric axial
load with 15 mm eccentricity is shown in Figure 3-8.
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Figure 3-8: Axial load-axial deformation and axial load-lateral deformation
responses of the specimens tested under eccentric axial load (eccentricity = 15 mm)
Specimen C-15 failed by outward buckling and tensile cracks at the tension side
followed by the crushing of concrete at the compression side, as shown in Figure 3-9.
The yield axial load of Specimen C-15 was 393 kN and the yield axial deformation
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was 2.2 mm. Specimen C-15 achieved an ultimate axial load of 436 kN, which was
followed by a softening response.

Figure 3-9: Failure modes of the specimens tested under eccentric axial load
(eccentricity = 15 mm)

The ductility of Specimen C-15 was 1.9, which was achieved due to the confinement
provided by the transverse reinforcement. The energy absorption of Specimen C-15
was 2057 kN.mm (Table 3-6).

Specimen CF-15 failed initially by outward buckling on the tension face and later by
rupture of the CFRP with crushing of concrete on the compression face at the midheight of the specimen. Specimen CF-15 exhibited initial axial load-axial deformation
behaviour similar to that of Specimen C-15. However, the yield strengthening ratio of
Specimen CF-15 was 1.18 and the ultimate strengthening ratio was 1.31. Specimen
CF-15 achieved a higher ductility than Specimen C-15. The ductility and energy
absorption ratio of Specimen CF-15 were 4.3 and 2, respectively (Table 3-6).
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Table 3-6: Experimental results of specimens tested under eccentric axial load
(eccentricity = 15 mm)
Specimen

C-15

CF-15

CJ-15

CJF-15

Yield axial load (kN)

393

465

1463

1554

Axial deformation at yield
axial load (mm)
Ultimate axial load (kN)

2.2

3

3.5

3.5

436

572

1542

1777

Axial deformation at
ultimate axial load (mm)
Yield strengthening
ratio
Ultimate strengthening
ratio
Ductility

2.9

8.2

3.8

4.8

1

1.18

3.72

3.95

1

1.31

3.53

4.07

1.9

4.3

1.3

1.4

Energy absorption
(kN.mm)
Energy absorption ratio

2057

4108

7683

9273

1

2

3.73

4.5

The failure of Specimen CJ-15 occurred by tensile-flexural cracking with splitting
vertical cracks at the upper one-third segment of the specimen, as shown in Figure 39. The axial load of Specimen CJ-15 increased up to the ultimate axial load then
dropped to about 50% of the ultimate axial load due to the splitting of the RPC jacket.
Later the specimen showed a softening response due to the confinement provided by
the internal steel helices.

Specimen CJ-15 achieved a higher yield strengthening ratio and a higher ultimate
strengthening ratio than Specimen CF-15. The specimen achieved a yield
strengthening ratio of 3.72 and an ultimate strengthening ratio of 3.53. The ductility
of Specimen CJ-15 was 1.3 and the energy absorption ratio was 3.73 (Table 3-6).
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Specimen CJF-15 failed by the rupture of CFRP and the crushing of concrete at the
mid-height of the specimen at the compression side (Figure 3-9). General axial loadaxial deformation behaviour of Specimen CJF-15 was similar to that of Specimen CJ15. However, Specimen CJF-15 achieved higher yield axial load, ultimate axial load,
axial ductility and energy absorption compared to Specimen CJ-15. The yield
strengthening ratio of Specimen CJF-15 was 3.95 and the ultimate strengthening ratio
was 4.07. The ductility and the energy absorption ratio of Specimen CJF-15 were 1.4
and 4.5, respectively (Table 3-6).

Figure 3-10 shows the axial load-axial deformation response of the specimens tested
under the eccentric axial load of 25 mm eccentricity. Specimen C-25 failed by the
crushing of concrete at the mid-height segment of the specimen followed by concrete
cracking on the tension face at the upper one-third segment of the specimen (Figure
3-11).
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Figure 3-10: Axial load-axial deformation and axial load-lateral deformation
responses of the specimens tested under eccentric axial load (eccentricity = 25 mm)
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The axial load-axial deformation response of Specimen C-25 was characterised by a
yield axial load of 295 kN with a yield axial deformation of 2.6 mm and an ultimate
axial load of 338 kN. The ultimate axial load was followed by a softening response.
The ductility and energy absorption of Specimen C-25 were 2.3 and 1916 kN.mm,
respectively (Table 3-7).

Figure 3-11: Failure modes of the specimens tested under eccentric axial load
(eccentricity = 25 mm)
The failure of Specimen CF-25 occurred by outward buckling at the tension face then
by rupturing of CFRP and crushing of concrete at the compression face, as shown in
Figure 3-11. The axial load of Specimen CF-25 gradually increased up to the ultimate
axial load, which was followed by a softening response up to the final failure , which
occurred by the rupture of CFRP. Specimen CF-25 achieved a yield strengthening
ratio of 1.33 and an ultimate strengthening ratio of 1.41. The ductility of Specimen
CF-25 was 3.5 and the energy absorption ratio was 2.1 (Table 3-7).
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Table 3-7: Experimental results of specimens tested under eccentric axial load
(eccentricity = 25 mm)
Specimen

C-25

CF-25

CJ-25

CJF-25

Yield axial load (kN)

295

393

1158

1282

Axial deformation at yield
axial load (mm)
Ultimate axial load (kN)

2.6

3.6

2.8

3

338

478

1276

1371

Axial deformation at
ultimate axial load (mm)
Yield strengthening
ratio
Ultimate strengthening
ratio
Ductility

3.8

8

3

4

1

1.33

3.92

4.34

1

1.41

3.77

4.05

2.3

3.5

1.2

1.5

Energy absorption
(kN.mm)
Energy absorption ratio

1916

4025

4424

6085

1

2.1

2.3

3.17

Specimen CJ-25 failed by typical tensile-flexural failure at the mid-height segment of
the specimen with crushing and splitting of RPC, as shown in Figure 3-11. Specimen
CJ-25 achieved ultimate axial load of 1276 kN then the axial load dropped to about
45% of the ultimate axial load. Afterwards, the specimen exhibited a softening
response due to the confinement provided by the internal lateral steel reinforcement.
For Specimen CJ-25, the yield strengthening ratio was 3.92 and the ultimate
strengthening ratio was 3.77. Ductility of Specimen CJ-25 was 1.2 and energy
absorption ratio was 2.3 (Table 3-7).

Specimen CJF-25 failed by the rupture of the CFRP and the crushing of the RPC at
the upper one-third segment of the specimen (Figure 3-11). The initial axial load-axial
deformation response of Specimen CJF-25 was similar to that of Specimen CJ-25.
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However, Specimen CJF-25 demonstrated higher yield strengthening ratio, ultimate
strengthening ratio, ductility and energy absorption ratio compared to Specimen CJ25. The yield strengthening ratio of Specimen CJF-25 was 4.34 and the ultimate
strengthening ratio was 4.05. Ductility of Specimen CJF-25 was 1.5 and energy
absorption ratio was 3.17 (Table 3-7).

3.4.4 Behaviour of the specimens under four-point bending
The flexural load-midspan deflection curves of the specimens tested under four-point
bending are shown in Figure 3-12. All the specimens tested under four-point bending
failed by typical vertical flexural cracks at the midspan region of the specimen, as
shown in Figure 3-13. Initially, the first vertical crack was formed then the crack
became wider when the applied load reached the ultimate load. Several cracks were
observed after the ultimate load. All the cracks started from the tension side of the
specimen and propagated upwards within the midspan region of the specimen.
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Figure 3-12: Flexural load-midspan deflection curves of the specimens tested under
four-point bending
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Initial load-midspan deflection response of Specimen C-B was quasi-linear with a
yield load of 115 kN and corresponding yield deflection of 7.7 mm. Afterward, the
flexural load-midspan deflection response showed a slightly hardening response up to
the ultimate flexural load of 157 kN with the corresponding deflection of 53 mm.

Figure 3-13: Failure modes of the specimens tested under four-point bending

The final failure of the specimen occurred suddenly by the rupture of the farthest
tensile steel bar at the midspan deflection of 64 mm. Specimen C-B achieved a high
ductility of 8.3 and an energy absorption of 8530 kN.mm (Table 3-8). The high
ductility of Specimen C-B was due to the high ultimate tensile strength of the steel
bars.

The initial part of the load-midspan deflection curve of Specimen CF-B was similar to
that of Specimen C-B. However, Specimen CF-B showed a steeper hardening
response after the yield load of 156 kN. Immediately after the ultimate load of 212 kN,
the load dropped suddenly due to wide cracks that formed between the CFRP strips in
the midspan region at the tension side of the specimen. Both the yield strengthening
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ratio and the ultimate strengthening ratio of Specimen CF-B was 1.35. The ductility
of Specimen CF-B was 4.1 and the energy absorption ratio was 0.95. The low energy
absorption ratio of Specimen CF-B was due to the sudden failure of the specimen after
the ultimate load (Figure 3-12).

Table 3-8: Experimental results of specimens tested under four-point bending
Specimen

C-B

CF-B

CJ-B

CJF-B

Yield flexural load (kN)

115

156

230

254

Deflection at yield
flexural load (mm)
Ultimate flexural load
(kN)
Deflection at ultimate
flexural load (mm)
Yield strengthening
ratio
Ultimate strengthening
ratio
Ductility

7.7

11.7

3.9

4

157

212

298

313

53

40

10

18

1

1.35

2

2.2

1

1.35

1.89

1.99

8.3

4.1

3.8

9.7

Energy absorption
(kN.mm)
Energy absorption ratio

8530

8100

9061

11787

1

0.95

1.06

1.38

The initial flexural load-midspan deflection response of Specimen CJ-B was steeper
than the flexural load-midspan deflection response of Specimens C-B and CF-B. The
initial steeper flexural load-midspan deflection response of Specimen CJ-B
represented the higher initial effective stiffness of Specimen CJ-B. After the ultimate
flexural load, the flexural load-midspan deflection showed a softening response until
the final failure which occurred by a wide crack at the tension side and crushing of
RPC at the compression side. The yield strengthening ratio and ultimate strengthening
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ratio of Specimen CJ-B were 2 and 1.89, respectively. Specimen CJ-B achieved a
flexural ductility of 3.8 with an energy absorption ratio of 1.06 (Table 3-8).

The initial flexural load-deflection response of Specimen CJF-B was close to that of
Specimen CJ-B. However, Specimen CJF-B achieved higher ultimate flexural load,
ductility and energy absorption than Specimen CJ-B due to the confinement effect of
CFRP. The ultimate flexural load of Specimen CJF-B was only 5% higher than the
ultimate flexural load of Specimen CJ-B. Specimen CJF-B failed by wide vertical
cracks at the tension side and rupture of CFRP at the compression side. The yield
strengthening ratio of Specimen CJF-B was 2.2 and the ultimate strengthening was
1.99. Specimen CJF-B exhibited a flexural ductility of 9.7 and an energy absorption
ratio of 1.38 (Table 3-8).

3.4.5 Experimental axial load-bending moment interaction diagram
The axial load-bending moment interaction diagrams for the four groups of specimens
are presented in Figure 3-14. The axial load-bending moment interaction diagrams are
drawn based on the four experimental points obtained for each group of specimens in
this study. The first point represents the pure axial load. The second and the third
points represent the axial loads and bending moments at axial load eccentricities of 15
mm and 25 mm, respectively. The last point represents the bending moment obtained
from four-point bending test. The bending moments for the specimens under eccentric
axial loads were calculated by using Equation (3-1). The bending moment under fourpoint bending was calculated by using Equation (3-2).

𝑀𝑀 = 𝑃𝑃(𝑒𝑒 + 𝛿𝛿)
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(3-1)

𝑀𝑀 =

𝑃𝑃𝑃𝑃

(3-2)

6

where 𝑀𝑀 is the bending moment, 𝑃𝑃 is the ultimate load, 𝑒𝑒 is the eccentricity, 𝛿𝛿 is the
midspan lateral deformation at the corresponding ultimate axial load and 𝐿𝐿 is the span
length of the specimen, which was 700 mm in this study.
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Figure 3-14: Experimental axial load-bending moment interaction diagrams

The experimental axial load-bending moment interaction showed the superior
performance of the Groups CJ and CJF specimens compared to Groups C and CF
specimens. Group CJ specimens obtained greater ultimate axial load than Groups C
and CF specimens under concentric axial load, 15 mm eccentric axial load and 25 mm
eccentric axial load. In addition, Group CJF specimens achieved higher ultimate axial
load than Group CJ specimens under concentric and eccentric axial loading. Similarly,
Group CJ specimens obtained greater bending moment than Groups C and CF
specimens under 15 mm eccentric axial load, 25 mm eccentric axial load and under
four-point bending. Group CJF specimens achieved higher bending moment than

70

Group CJ specimens under 15 mm eccentric axial load, 25 mm eccentric axial load
and four-point bending. Table 3-9 presents the results of the axial-load bending
moment interactions.

Table 3-9: Experimental axial load-bending moment interactions
Specimen

Ultimate load
(kN)

Lateral
deformation at
ultimate axial load
(mm)

Ultimate bending
moment (kN.m)

C-0

615

-

-

C-15

436

3.7

8.1

C-25

338

7

10.8

C-B

157

-

18

CF-0

1245

-

-

CF-15

572

17

18.3

CF-25

478

16.6

19.9

CF-B

212

-

25

CJ-0

1573

-

-

CJ-15

1542

1.5

25.4

CJ-25

1276

1.1

33.3

CJ-B

298

-

35

CJF-0

2094

-

-

CJF-15

1777

2.2

30.6

CJF-25

1371

1.6

36.5

CJF-B

313

-

36

For the eccentric axial load with the eccentricity of 15 mm, bending moments of
Groups CF, CJ and CJF were 126%, 213% and 278%, respectively, higher than the
bending moment of Group C. For the eccentric axial load with the eccentricity of 25
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mm, bending moments of Groups CF, CJ and CJF were 84%, 208% and 238%,
respectively, higher than the bending moment of Group C. Under four-point bending,
the bending moments for Groups CF, CJ and CJF were 39%, 94% and 100%,
respectively, higher than the bending moment of Group C.

Based on the above experimental results, it is apparent that jacketing with RPC only
(without FRP wrapping) can be used to increase the maximum axial and maximum
flexural loads of circular RC columns. Nevertheless, jacketing with RPC and FRP is
recommended to achieve higher structural ductility and energy absorption capacity
together with improved maximum axial load and maximum bending moment.

3.5 Conclusions
A new jacketing technique is proposed to retrofit existing deficient circular RC
columns. The new jacketing technique consisted of jacketing the RC column with a
thin layer of RPC then wrapping with CFRP. The behaviour of 16 RC column
specimens under concentric axial load, eccentric axial loads and four-point bending
was experimentally investigated. The load-deformation responses of the tested
specimens under concentric axial load, eccentric axial loads as well as under fourpoint bending are presented. Also, ductility and energy absorption were calculated.
Furthermore, the axial load-bending moment interaction diagrams for groups of the
tested specimens are plotted. Based on the experimental results of the current study,
the following conclusions can be drawn:
1.

Under concentric axial load, eccentric axial loads and four-point bending, the
yield and ultimate strengthening ratios of circular RC column specimens
strengthened with RPC jacket were significantly higher than the yield and
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ultimate strengthening ratios, respectively, of the circular RC specimens
strengthened with CFRP wrapping.
2.

The specimens strengthened with CFRP wrapping achieved higher ductility
compared to the specimens strengthened with RPC jacket. However, the
specimens strengthened with RPC jacket achieved higher energy absorption ratios
than the specimens strengthened with CFRP wrapping under concentric axial
load, eccentric axial loads and four-point bending.

3.

The ultimate strengthening ratios, ductility and the energy absorption ratios of
circular RC specimens strengthened with RPC jacket and CFRP wrapping were
higher than those of the circular RC specimens strengthened with RPC jacket
under concentric axial load, eccentric axial loads and four-point bending.

4.

The proposed jacketing technique of the circular RC columns with RPC jacketing
and FRP wrapping was found to be an effective strengthening technique to
increase the yield load, ultimate load and energy absorption capacity of the
existing inadequate circular RC columns.
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Summary
The main experiential program and results of this research study was presented in this
chapter. The chapter presents the preliminary experimental investigation of circular
RC columns strengthened by RPC jacket and FRP wrapping under concentric axial
load, eccentric axial loads and four-point bending. Jacketing with RPC for circular RC
columns achieved higher yield and ultimate loads than wrapping with FRP for the
same circular RC columns. Wrapping the jacketed RC columns with FRP increased
the absorption energy of the columns. The experimental results of this study showed
that jacketing with RPC and wrapping with FRP is an effective technique for
strengthening deficient circular RC columns. However, a significant number of
theoretical investigations are required before the practical application of the new
strengthening technique. The next chapter presents a theoretical approach for the axial
load-bending moment interactions for the circular RC columns jacketed with RPC and
wrapped with FRP.
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Preamble
The experimental results of the chapter above showed that jacketing with RPC and
wrapping with FRP is an effective technique to strengthen circular RC columns.
However, the practice of the proposed strengthening technique needs a design guide
for the strengthened RC columns. The axial load-bending moment interaction is
usually used to design RC columns. The study of this chapter presents a theoretical
approach for the axial load-bending moment interactions of the circular RC columns
jacketed with RPC and wrapped with FRP. The theoretical approach was used to plot
the axial load-bending moment interactions of the strengthened RC columns in Groups
CJ and CJF. This chapter includes also a parametric study to investigate the key factors
that affect the axial load-bending moment capacity of the circular RC column jacketed
with RPC and wrapped with FRP.

4.1 Abstract
This paper presents a theoretical approach for the axial load-bending moment
interactions of circular reinforced concrete (RC) columns strengthened with reactive
powder concrete (RPC) jacket and fibre reinforced polymer (FRP) wrapping. The
theoretical axial load-bending moment interactions of the strengthened column were
compared with the experimental axial load-bending moment interactions. The
developed theoretical approach was found to be well-matched and conservative in
predicting the axial load-bending moment capacity of circular RC columns
strengthened with RPC jacket and wrapped with FRP. The developed theoretical
approach was then used to perform a parametric study. It was found that, under a
constant confinement pressure by the FRP wrapping, the ratio of the thickness of the
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RPC jacket to the diameter of the base circular RC column was the most influential
factor.

Keywords: Reinforced concrete column; Jacketing; Reactive powder concrete;
Wrapping; FRP.

4.2 Introduction
Earthquakes, fires, and corrosive environments are the most common reasons for
strengthening reinforced concrete (RC) columns. Functional changes and construction
errors are also the reasons for strengthening RC columns [1]. Jacketing with RC is a
commonly used technique for strengthening RC columns. In the jacketing with RC, a
new RC layer is cast around the existing column to increase the cross-sectional area
and generate confinement pressure to the existing column [2]. However, the traditional
RC jacket may reduce the space available for the strengthened structure and increase
the total dead load. In addition, the need to dowel the reinforcement of the jacket to
the RC column, slab, and foundation complicates and slows down the construction
process [3].

A considerable number of experimental and theoretical studies were carried out to
characterise the behaviour of RC columns jacketed with normal strength concrete.
Recent studies, however, focused on jacketing with high strength concrete because the
thickness of the jacket can be reduced and the required load capacity can be achieved
[4]. Takeuti et al. [4] investigated the behaviour of RC columns strengthened with high
strength RC jackets. Takeuti et al. [4] examined the influence of the preloading and
the strength of the existing RC column on the axial load capacity of the strengthened
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RC column. It was found that preloading did not reduce the axial load capacity but
reduced the ductility of the strengthened RC column. It was also found that the existing
RC column contributed to the axial load capacity of the strengthened RC column as
long as the concrete core remained effectively confined by the internal transverse steel
reinforcement.

Experimental studies on the compressive axial load capacity of the RC columns
strengthened with reinforced concrete jacket demonstrated that the estimated axial
strength of a strengthened RC column was usually higher than the experimental axial
strength [5]. This is mainly due to the tensile stresses generated in the RC jacket. The
tensile stresses are generated because of the differences in the rate of expansion of the
base RC column and the RC jacket. This phenomenon is common when the properties
of the base RC column and the RC jacket are different. For example, the base RC
column is constructed with normal strength concrete, but the RC jacket is constructed
with high strength concrete. The difference in the properties of the base RC column
and the RC jacket leads to premature failures in the RC jacket [5]. Therefore, a brittle
failure is usually expected when the base RC column was made of normal strength
concrete, but strengthened with high strength RC jacket [2].

The RC columns strengthened with steel jackets have been widely used due to the high
strength and confinement effect of the steel jacket [6, 7]. However, the steel jacket
suffers from poor corrosion resistance as well as buckling during the installation and
service life [7]. These limitations reduce the feasibility of the use of steel jacket to
strengthen RC columns.
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Over the last three decades, the application of FRP composite materials for structural
rehabilitation has been increased rapidly around the world. The FRP composite
materials have high strength to weight ratio and high corrosion resistance. The FRP
can be formed into any shape and can be quickly and easily applied to wrap existing
RC structural members [8]. However, Triantafillou et al. [9] reported that using the
FRP as the main jacketing material had disadvantages including the poor behaviour of
epoxy resins at high temperature, relatively high cost and impractical application of
FRP on wet or damaged surfaces. In addition, the strengthening mechanism of FRP
jacket depends mainly on the lateral confinement pressure [10]. Several studies
showed that the confinement pressure decreased when a RC column was loaded
eccentrically [11, 12, 13]. Also, confinement efficiency is less for RC columns with
large diameters. Moreover, the yield strength and flexural load capacity of the column
increase marginally with FRP wrapping [14].

The reactive powder concrete (RPC) is high performance concrete, which has a dense
structure that consists of particles graded to be compacted efficiently [15, 16]. The
presence of the steel fibres in the RPC increases the ductility and energy absorption
capacity of the RPC [15]. These characteristics reduce the differential tensile strain in
the RPC and increase the load carrying capacity [16]. Due to the high durability of the
RPC, Lee et al. [17] and Chang et al. [18] proposed using the RPC as a novel repairing
and strengthening material.

Hadi et al. [19] revealed that using a thin RPC jacket and afterwards wrapping with
FRP to strengthen circular RC columns was an effective technique for increasing the
yield and ultimate axial loads as well as the ultimate flexural load of circular RC
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columns. It was also found that the premature tensile failure of the RPC jacket for the
axially loaded column due to concrete core expansion could be limited by wrapping
the RPC jacket with FRP. Furthermore, the ductility and energy absorption of the RPC
jacketed columns increased when the RPC jacket was wrapped with FRP.

It is evident that the jacketing technique proposed in Hadi et al. [19] can be effectively
used for strengthening deficient circular RC columns. However, a significant number
of experimental and theoretical investigations are required before the practical
application of the proposed jacketing technique. This paper presents a theoretical
approach for the axial load-bending moment interactions of circular RC columns
strengthened with RPC jacket and wrapped with FRP. The paper also presents an
extensive parametric study to highlight the important characteristics of the proposed
jacketing technique.

4.3 Development of theoretical axial load-bending moment interactions
The axial load-bending moment interaction diagram is often used to design the RC
column. In this study, a RC column with a circular cross-section of diameter 𝑑𝑑 and

longitudinal steel reinforcement area As was assumed to be strengthened with a
reactive powder concrete (RPC) jacket and wrapped with fibre reinforced polymer
(FRP). The RPC jacket was assumed to have a constant thickness of t. Figure 4-1

shows the cross-section of an existing circular RC column (base column) made from
normal strength concrete (NSC), strengthened with RPC jacket, then wrapped with
FRP.
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Figure 4-1: Cross section of circular RC column strengthened with RPC jacket and
wrapped with FRP
4.3.1 Circular RC column strengthened with RPC jacket under concentric axial
load
The ultimate axial load (pure axial load) of the circular RC column strengthened with
RPC jacket and FRP wrapping is expressed as a summation of the axial load of the
confined concrete core of the base RC column, confined RPC jacket and longitudinal
steel bars. Figure 4-2 illustrates a vertical cut in the cross-section of a strengthened RC
column. Figure 4-2 shows that both NSC and RPC in the strengthened column are
subjected to the same external lateral confinement pressure by the FRP wrapping.
Confinement of the RPC jacket to the concrete core of the base RC column was
ignored. In this analytical study, the ultimate axial load of circular RC columns
strengthened with RPC jacket and wrapped with FRP was calculated using Equation
(4-1)
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FRP jacket

Strengthened section

Figure 4-2: Confinement of FRP on the NSC and RPC in the cross-section of a
strengthened column

′
′
𝑁𝑁𝑢𝑢𝑢𝑢 =∝1𝑗𝑗 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
�𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + ∝1𝑜𝑜 𝑓𝑓𝑐𝑐𝑐𝑐𝑜𝑜
�𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐴𝐴𝑠𝑠 𝑓𝑓𝑠𝑠𝑠𝑠

(4-1)

where 𝑁𝑁𝑢𝑢𝑢𝑢 is the ultimate axial load of the strengthened column, 𝐴𝐴𝑡𝑡 is the total cross-

sectional area of the strengthened column, 𝐴𝐴𝑔𝑔 is the cross-sectional area of the base
column, 𝐴𝐴𝑠𝑠 is the total area of the longitudinal steel bars and 𝑓𝑓𝑠𝑠𝑠𝑠 is the yield strength
of the longitudinal steel bars. The ∝1𝑜𝑜 and ∝1𝑗𝑗 are reduction factors for the inclusion

of the difference between the in situ compressive strength and the experimental
(cylinder test) compressive strength. The ∝1𝑜𝑜 and ∝1𝑗𝑗 were calculated based on AS
3600-2009 [20] using Equations (4-2) and (4-3), respectively.

∝1𝑜𝑜 = 1 − 0.003𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐
′
∝1𝑗𝑗 = 1 − 0.003𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

0.72≤ ∝1𝑜𝑜 ≤0.85

0.72≤ ∝1𝑗𝑗 ≤0.85
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(4-2)
(4-3)

′
In Equation (4-2), 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
is the confined compressive strength of the NSC of the base

RC column, which was calculated using Equation (4-4) according to ACI 440.2R-17
[21].

′
′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
= 𝑓𝑓𝑐𝑐𝑐𝑐
+ 3.3Ψ𝑓𝑓 𝑘𝑘𝑎𝑎 𝑓𝑓𝑙𝑙

(4-4)

where 𝑓𝑓𝑐𝑐′𝑐𝑐 is the unconfined compressive strength of the NSC, Ψ𝑓𝑓 is a reduction factor
taken as 0.95, 𝑘𝑘𝑎𝑎 is a shape modification factor taken as 1 for the circular sections

[21], and 𝑓𝑓𝑙𝑙 is the lateral confinement pressure, which was calculated using Equation

(4-5).

𝑓𝑓𝑙𝑙 =

2𝑛𝑛𝑡𝑡𝑓𝑓 𝐸𝐸𝑓𝑓 ɛ𝑓𝑓𝑓𝑓
𝐷𝐷

(4-5)

where 𝐷𝐷 is the diameter of the strengthened RC column, 𝑛𝑛 is the number of FRP layers,

𝑡𝑡𝑓𝑓 is the thickness of the FRP layer, 𝐸𝐸𝑓𝑓 is the static modulus of elasticity of the FRP
layer, and ɛ𝑓𝑓𝑓𝑓 is the effective strain of the FRP layer at failure. The ɛ𝑓𝑓𝑓𝑓 can be

calculated using Equation (4-6) according to ACI 440.2R-2017 [21].

ɛ𝑓𝑓𝑓𝑓 = 0.55ɛ𝑓𝑓𝑓𝑓

(4-6)

where ɛ𝑓𝑓𝑓𝑓 is the ultimate tensile strain of the FRP layer determined from the flat
coupon test.
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′
The confined compressive strength of the RPC jacket (𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
) was calculated using

Equation (4-7) according to ACI 440.2R-17 [21].

′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
= 𝑓𝑓𝑐𝑐𝑐𝑐′ + 3.3Ψ𝑓𝑓 𝑘𝑘𝑎𝑎 𝑓𝑓𝑙𝑙

(4-7)

where 𝑓𝑓𝑐𝑐𝑐𝑐′ is the unconfined compressive strength of the RPC.
It is noted that, for circular RC columns strengthened with only RPC jacket without
FRP wrapping, the confined compressive strength and the maximum compressive
strain in the confined NSC should be replaced with the unconfined compressive
strength (𝑓𝑓𝑐𝑐′𝑐𝑐 ) and the compressive strain corresponding to 0.85𝑓𝑓𝑐𝑐′𝑐𝑐 [21], respectively.

Also, the confined compressive strength and the maximum compressive strain in the
confined RPC should be replaced with the unconfined compressive strength (𝑓𝑓𝑐𝑐𝑐𝑐′ ) and
the compressive strain corresponding to 0.85𝑓𝑓𝑐𝑐𝑐𝑐′ [21], respectively.

4.3.2 Circular RC column strengthened with RPC jacket under combined axial
load and bending moment
The combined axial load-bending moment capacity of the circular RC column
strengthened with RPC jacket and wrapped with FRP was determined by adopting the
section analysis with the stress block method. The proposed approach is based on the
recommendations of AS 3600-2009 [20] and ACI 440.2R-17 [21]. Figure 4-3 shows
the stress and strain distribution in the strengthened section. The principles of force
equilibrium and strain compatibility were applied. It was assumed that the plane
section remained plane after bending (full bond between steel and NSC and between
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NSC and RPC), strain distribution was linear through the depth of the section and the
tensile strengths of the NSC and RPC were ignored.

Figure 4-3: Stress and strain distribution of circular RC column strengthened with
RPC jacket and wrapped with FRP
The compressive axial force in the RPC jacket (𝐶𝐶𝑐𝑐𝑐𝑐 ) was calculated by using Equation

(4-8).

′
𝐶𝐶𝑐𝑐𝑐𝑐 =∝2𝑗𝑗 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
�𝐴𝐴𝑗𝑗 − 𝐴𝐴𝑗𝑗𝑗𝑗 �

(4-8)

where ∝2𝑗𝑗 is a factor which was calculated based on AS 3600-2009 [20] by using
Equation (4-9).

′
∝2𝑗𝑗 = 1 − 0.003𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

0.67≤ ∝2𝑗𝑗 ≤0.85

(4-9)

The 𝐴𝐴𝑗𝑗 and 𝐴𝐴𝑗𝑗𝑗𝑗 are areas of circular segments for the stress blocks. The 𝐴𝐴𝑗𝑗 was

calculated using Equation (4-10) [22].
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𝐷𝐷2
(𝜃𝜃𝑗𝑗 − sin 𝜃𝜃𝑗𝑗 )
𝐴𝐴𝑗𝑗 = 82
⎨𝐷𝐷
⎩ 4 (𝜃𝜃𝑗𝑗 − sin 𝜃𝜃𝑗𝑗 cos 𝜃𝜃𝑗𝑗 )

𝜃𝜃𝑗𝑗 < 90°, 𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝐷𝐷�2

⎧

𝜃𝜃𝑗𝑗 > 90°, 𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 > 𝐷𝐷�2

(4-10)

where 𝑑𝑑𝑛𝑛𝑛𝑛 is the depth of the neutral axis for the strengthened section measured from
the extreme compressive fibre of the RPC jacket and 𝜃𝜃𝑗𝑗 is an angle expressed in

radians, which was calculated using Equation (4-11).

2𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛
�
𝐷𝐷
𝜃𝜃𝑗𝑗 =
2𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛
⎨
−1
− 1�
⎪ 𝜋𝜋 − cos �
𝐷𝐷
⎩

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝐷𝐷�2

⎧2 cos −1 �1 −
⎪

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛

> 𝐷𝐷�2

(4-11)

The factor 𝛾𝛾𝑗𝑗 was calculated based on on AS 3600-2009 [20] by using Equation (412).

′
𝛾𝛾𝑗𝑗 = 1.05 − 0.007𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

0.67≤ 𝛾𝛾𝑗𝑗 ≤0.85

(4-12)

In the same way, 𝐴𝐴𝑗𝑗𝑗𝑗 was calculated by using Equation (4-13).
𝑑𝑑 2
�𝜃𝜃𝑗𝑗𝑗𝑗 − sin 𝜃𝜃𝑗𝑗𝑗𝑗 �
𝐴𝐴𝑗𝑗𝑗𝑗 = 82
⎨ 𝑑𝑑
⎩ 4 �𝜃𝜃𝑗𝑗𝑗𝑗 − sin 𝜃𝜃𝑗𝑗𝑗𝑗 cos 𝜃𝜃𝑗𝑗𝑗𝑗 �
⎧

𝜃𝜃𝑗𝑗𝑗𝑗 < 90°, 𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 ≤ 𝑑𝑑�2

𝜃𝜃𝑗𝑗𝑗𝑗 > 90°, 𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 > 𝑑𝑑�2

where 𝜃𝜃𝑗𝑗𝑗𝑗 was calculated by using Equation (4-14).

90

(4-13)

𝜃𝜃𝑗𝑗𝑗𝑗 =

⎧ 2 cos −1 �1 −
⎪

2(𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡)
�
𝑑𝑑

2�𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡�
⎨
− 1�
⎪𝜋𝜋 − cos −1 �
𝑑𝑑
⎩

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 ≤ 𝑑𝑑�2

(4-14)

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 > 𝑑𝑑�2

The total compressive axial force in the NSC core (𝐶𝐶𝑐𝑐𝑐𝑐 ) was calculated by using
Equation (4-15).

𝐶𝐶𝑐𝑐𝑐𝑐 =∝2𝑜𝑜 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 𝐴𝐴𝑜𝑜

(4-15)

′
where the factor ∝2𝑜𝑜 can be calculated by using Equation (4-9) but replacing 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
with
′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
. The circular segment area 𝐴𝐴𝑜𝑜 was determined by using Equation (4-16).

𝑑𝑑 2
(𝜃𝜃𝑜𝑜 − sin 𝜃𝜃𝑜𝑜 )
𝐴𝐴𝑜𝑜 = 82
⎨𝑑𝑑
⎩ 4 (𝜃𝜃𝑜𝑜 − sin 𝜃𝜃𝑜𝑜 cos 𝜃𝜃𝑜𝑜 )

𝜃𝜃𝑜𝑜 < 90°, 𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝑑𝑑�2

⎧

𝜃𝜃𝑜𝑜 > 90°, 𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 > 𝑑𝑑�2

(4-16)

In Equation (4-16), the factor 𝛾𝛾𝑜𝑜 was calculated using Equation (4-12) but replacing
′
′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
with𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
. The 𝑑𝑑𝑛𝑛𝑛𝑛 is the depth of the neutral axis of the section for the base

circular RC column measured from the extreme compressive fibre of the concrete core
of the base RC column. The 𝑑𝑑𝑛𝑛𝑛𝑛 , was calculated using Equation (4-17).
𝑑𝑑𝑛𝑛𝑛𝑛 = 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡
The angle 𝜃𝜃𝑜𝑜 was calculated by using Equation (4-18).
91

(4-17)

2𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛
�
𝑑𝑑
𝜃𝜃𝑜𝑜 = �
2𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛
𝜋𝜋 − cos−1 �
− 1�
𝑑𝑑

𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝑑𝑑�2

2 cos −1 �1 −

𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 > 𝑑𝑑�2

(4-18)

The compressive strain in the extreme compressive fibre of the concrete core of the
base RC column (ɛ𝑐𝑐𝑐𝑐 ∗ ) was calculated from the strain compatibility using Equation (419).

ɛ𝑐𝑐𝑐𝑐 ∗ =

𝑑𝑑𝑛𝑛𝑛𝑛
𝑑𝑑𝑛𝑛𝑛𝑛

ɛ𝑐𝑐𝑐𝑐𝑐𝑐 ≤ ɛ𝑐𝑐𝑐𝑐𝑐𝑐

(4-19)

The maximum compressive strain in the confined NSC core (ɛ𝑐𝑐𝑐𝑐𝑐𝑐 ) was calculated
using Equation (4-20) according to ACI 440.2R-17 [21].

ɛ

𝑓𝑓

0.45

ɛ𝑐𝑐𝑐𝑐𝑐𝑐 = ɛ𝑐𝑐𝑐𝑐 �1.5 + 12𝑘𝑘𝑏𝑏 𝑓𝑓′𝑙𝑙 �ɛ𝑓𝑓𝑓𝑓�
𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐

�

(4-20)

′
where ɛ𝑐𝑐𝑐𝑐 is the compressive strain of the unconfined NSC at 𝑓𝑓𝑐𝑐𝑐𝑐
and kb is a factor

taken as 1 for the circular sections. The ACI 440.2R-17 [21] recommends that ɛ𝑓𝑓𝑓𝑓 for

the columns subjected to combined axial load and bending moment should not be more
than 0.004.

The maximum compressive strain in the confined RPC jacket (ɛ𝑐𝑐𝑐𝑐𝑐𝑐 ) was calculated
using Equation (4-21) [21].

𝑓𝑓

ɛ

0.45

ɛ𝑐𝑐𝑐𝑐𝑐𝑐 = ɛ𝑐𝑐𝑐𝑐 �1.5 + 12𝑘𝑘𝑏𝑏 𝑓𝑓′𝑙𝑙 � ɛ𝑓𝑓𝑓𝑓 �
𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐
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� ≤ 0.01

(4-21)

where ɛ𝑐𝑐𝑐𝑐 is the axial compressive strain of the unconfined RPC at 𝑓𝑓 ́ 𝑐𝑐𝑐𝑐 .
The axial strain in each layer of the steel bars (ɛ𝑠𝑠𝑠𝑠 ) was calculated from the strain
compatibility using Equation (4-22).

ɛ𝑠𝑠𝑠𝑠 =

ɛ𝑐𝑐𝑐𝑐 ∗
(𝑑𝑑 − 𝑑𝑑𝑠𝑠𝑠𝑠 )
𝑑𝑑𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛

(4-22)

where 𝑑𝑑𝑠𝑠𝑠𝑠 is the depth of the corresponding layer of the steel bars measured from the
top of the cross-section of the base RC column. Consequently, the axial stress in each
layer of steel bar (𝑓𝑓𝑠𝑠𝑠𝑠 ) was determined by assuming an elastic–perfectly plastic
behaviour using Equation (4-23).

𝑓𝑓𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑠𝑠 ɛ𝑠𝑠𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦

(4-23)

where 𝐸𝐸𝑠𝑠 is the modulus of elasticity of the steel bars, which was taken as 200 GPa.

The axial force in each layer of steel bars (𝐹𝐹𝑠𝑠𝑠𝑠 ) was calculated using Equation (4-24).
𝐹𝐹𝑠𝑠𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠 𝐴𝐴𝑠𝑠𝑠𝑠

(4-24)

It is important to note that the tensile force in steel bars should be taken as negative.
In Equation (4-24), 𝐴𝐴𝑠𝑠𝑠𝑠 is the area of the corresponding layer of the steel bars. The

total axial force in the steel (𝐹𝐹𝑠𝑠 ) was calculated using Equation (4-25), and thus the

total compressive axial load in concrete and steel (𝑁𝑁) was calculated using Equation
(4-26).
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𝑚𝑚𝑖𝑖

𝐹𝐹𝑠𝑠 = � 𝐹𝐹𝑠𝑠𝑠𝑠

(4-25)

𝑁𝑁 = 𝐶𝐶𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑠𝑠

(4-26)

𝑖𝑖=1

For calculating the bending moment capacity (𝑀𝑀) of the strengthened RC column,
each axial force in the NSC core, RPC jacket, and the steel bars was multiplied by the
corresponding moment arm. Therefore, 𝑀𝑀 was determined using Equation (4-27) from
the summation of the bending moments about the plastic centroid of the section.

𝑀𝑀

′
=∝2𝑗𝑗 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝑗𝑗 𝑌𝑌𝑗𝑗 −

′
∝2𝑗𝑗 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚𝑖𝑖

𝑑𝑑
𝐴𝐴𝑗𝑗𝑗𝑗 𝑌𝑌𝑗𝑗𝑗𝑗 +∝2𝑜𝑜 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 𝐴𝐴𝑜𝑜 𝑌𝑌𝑜𝑜 + � 𝐹𝐹𝑠𝑠𝑠𝑠 � − 𝑑𝑑𝑠𝑠𝑠𝑠 �
2

(4-27)

𝑖𝑖=1

where 𝑌𝑌𝑗𝑗 , 𝑌𝑌𝑗𝑗𝑗𝑗 , and 𝑌𝑌𝑜𝑜 are the moment arms which can be calculated by using Equations

(4-28), (4-29) and (4-30) [22], respectively.

𝜃𝜃𝑗𝑗
⎧ 2𝐷𝐷sin3 ( 2 )
⎪
𝑌𝑌𝑗𝑗 = 3�𝜃𝜃𝑗𝑗 − sin 𝜃𝜃𝑗𝑗 �
⎨
𝐷𝐷sin3 (𝜃𝜃𝑗𝑗 )
⎪
⎩3�𝜃𝜃𝑗𝑗 − sin 𝜃𝜃𝑗𝑗 cos 𝜃𝜃𝑗𝑗 �

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝐷𝐷�2

(4-28)

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 ≤ 𝑑𝑑�2

(4-29)

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 > 𝐷𝐷�2

𝜃𝜃𝑗𝑗𝑗𝑗
2𝑑𝑑sin3 ( 2 )
𝑌𝑌𝑗𝑗𝑗𝑗 = 3�𝜃𝜃𝑗𝑗𝑗𝑗 − sin 𝜃𝜃𝑗𝑗𝑗𝑗 �
⎨
𝑑𝑑sin3 (𝜃𝜃𝑗𝑗𝑗𝑗 )
⎪
⎩3�𝜃𝜃𝑗𝑗𝑗𝑗 − sin 𝜃𝜃𝑗𝑗𝑗𝑗 cos 𝜃𝜃𝑗𝑗𝑗𝑗 �
⎧
⎪

𝛾𝛾𝑗𝑗 𝑑𝑑𝑛𝑛𝑛𝑛 − 𝑡𝑡 > 𝑑𝑑�2
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3 𝜃𝜃𝑜𝑜
⎧ 2𝑑𝑑sin ( 2 )
⎪
𝑌𝑌𝑜𝑜 = 3(𝜃𝜃𝑜𝑜 − sin 𝜃𝜃𝑜𝑜 )
⎨
𝑑𝑑sin3 (𝜃𝜃𝑜𝑜 )
⎪
⎩3(𝜃𝜃𝑜𝑜 − sin 𝜃𝜃𝑜𝑜 cos 𝜃𝜃𝑜𝑜 )

𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 ≤ 𝑑𝑑�2

(4-30)

𝛾𝛾𝑜𝑜 𝑑𝑑𝑛𝑛𝑛𝑛 > 𝑑𝑑�2

4.4 Experimental axial load-bending moment interactions of the strengthened
columns
The experimental axial load-bending moment interactions of this study were created
based on the test results of eight RC column specimens investigated in Hadi et al. [19].
The base specimens (assumed to be existing RC columns) in Hadi et al. [19] had
circular sections with a diameter of 150 mm and a height of 800 mm. The base
specimens were reinforced with 6N10 longitudinal deformed steel bars and R6 plain
steel helices spaced at 50 mm centre to centre. The N10 steel bars had a yield tensile
strength of 524 MPa and the R6 steel helices had a yield tensile strength of 578 MPa.
The clear concrete cover was 15 mm on the sides and at the top and bottom of the
specimens. The NSC of the base specimens had an average compressive strength of
34 MPa on the day of testing. The eight base specimens were strengthened with 25
mm thick RPC jackets. The RPC had an average unconfined compressive strength of
110 MPa on the day of testing. Four of the RPC jacketed specimens were not wrapped
and identified as Group CJ. Four of the RPC jacketed specimens were wrapped with
one layer of carbon fibre reinforced polymer (CFRP) and identified as Group CJF. The
single layer of CFRP had an average ultimate strain of 0.0186 and an average tensile
modulus of elasticity per unit width of 28871 N/mm. From each Group, one specimen
was tested under concentric axial load, one specimen was tested under 15 mm
eccentric axial load, one specimen was tested under 25 mm eccentric axial load and
one specimen was tested under four-point bending.
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The experimental bending moment capacities of the specimens tested under eccentric
axial loads were calculated using Equation (4-31) and the experimental bending
moment capacities of the specimen tested under four-point bending was calculated
using Equation (4-32).

𝑀𝑀𝑒𝑒 = 𝑃𝑃𝑎𝑎 𝑒𝑒 + 𝑃𝑃𝑎𝑎 𝛿𝛿
𝑀𝑀𝑝𝑝 =

𝑃𝑃𝑓𝑓 𝑙𝑙
6

(4-31)
(4-32)

where 𝑀𝑀𝑒𝑒 is the bending moment due to the eccentric axial load, 𝑃𝑃𝑎𝑎 is the ultimate

eccentric axial load, 𝑒𝑒 is the corresponding eccentricity, 𝛿𝛿 is the mid-span lateral
deformation at the corresponding ultimate eccentric axial load, 𝑀𝑀𝑝𝑝 is the pure bending

moment, 𝑃𝑃𝑓𝑓 is the ultimate flexural load and 𝑙𝑙 is the span length of the specimen (700
mm).

4.5 Comparison between the experimental and theoretical axial load-bending
moment interactions of the strengthened columns
The developed theoretical approach was used to plot the axial load-bending moment
interactions of the strengthened RC column specimens investigated in Hadi et al. [19]
by using a spreadsheet. The experimental and theoretical axial load-bending moment
interactions of the strengthened RC column specimens investigated in Hadi et al. [19]
are shown in Figure 4-4.
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Figure 4-4: Experimental and theoretical axial load-bending moment interactions
Under concentric axial load, the experimental ultimate axial load of Group CJ was
14% lower than the theoretical ultimate axial load. The lower experimental ultimate
axial load of Group CJ compared to the theoretical ultimate axial load was attributed
to the premature failure, which occurred due to the expansion of the concrete core of
the base specimen causing splitting cracking in the RPC jacket. Under 15 mm
eccentric axial load, the experimental axial load capacity of Group CJ was 15% higher
than theoretical axial load capacity and the experimental bending moment capacity
was 6% lower than the experimental bending moment capacity. The specimen of
Group CJ tested under 15 mm eccentric axial failed by tensile cracking with splitting
in the RPC jacket at the upper one-third segment of the specimen. For the specimen
of Group CJ tested under 25 mm eccentric axial, both experimental axial load and
bending moment capacities were 4.5% higher than the corresponding theoretical axial
load and bending moment capacities. Failure of specimen of Group CJ tested under
25 mm eccentric axial occurred by tensile cracking at the mid-height segment of the
specimen. Under four-point bending, the experimental bending moment capacity of
the specimen of Group CJ was 84% higher than the theoretical bending moment
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capacity. This specimen failed with a wide tensile crack and crushing in the RPC jacket
within the mid-span region of the specimen.

Figure 4-4 shows that the experimental ultimate axial load of Group CJF matched well
the theoretical ultimate axial load. The experimental ultimate axial load of Group CJF
was only 2% higher than the theoretical ultimate axial load. The specimens of Group
CJF tested under concentric axial load failed with the rupture of CFRP and crushing
of the RPC jacket at the upper one-third segment of the specimen. For the specimen
of Group CJF tested under 15 mm eccentric axial, the experimental axial load capacity
was 20% higher than the corresponding theoretical axial load capacity and the
experimental bending moment capacity was 15% higher than the corresponding
theoretical bending moment capacity. Failure of the specimen occurred by the rupture
of CFRP and crushing of RPC jacket on the compression side at the mid-height of the
specimen. The experimental axial load capacity of specimen of Group CJF tested
under 25 mm eccentric axial was 5.6% higher than the theoretical axial load capacity
and the experimental bending moment capacity was 5.7% higher than the theoretical
bending moment capacity. The specimen of Group CJF tested under 25 mm eccentric
axial load failed by the rupture of CFRP and crushing of the RPC jacket at the upper
one-third segment of the specimen. The experimental bending moment capacity of the
specimen of Group CJF tested under four-point bending was 89% higher than the
theoretical bending moment capacity. The specimen failed with a typical tensile
cracking on the tension side of the specimen.

It is observed that the experimental bending moment capacities of the specimens of
Groups CJ and CJF tested under four-point bending were significantly higher than the
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theoretical bending moment capacities. This was because of the dimensions of the
specimens and the test setup of the four-point bending test used in Hadi et al. [19]. The
ratio of the shear span to the effective depth of the specimens tested under four-point
bending was less than two. Therefore, the ultimate experimental loads of the
specimens were probably flexural-shear loads, not pure flexural loads, which resulted
in high bending moment capacities. In general, the proposed theoretical approach was
found to be well-matched and conservative in predicting the axial load-bending
moment capacity of circular RC column strengthened with RPC jacket and wrapped
with FRP.

4.6 Parametric study
In this parametric study, the effects of four parameters on the axial load-bending
moment capacity of the strengthened column were investigated. These parameters
were the ratio of the RPC jacket thickness to the diameter of the base RC column (t/d),
the unconfined compressive strength of the RPC jacket (𝑓𝑓𝑐𝑐𝑐𝑐′ ), the unconfined
compressive strength of the base RC column (𝑓𝑓𝑐𝑐′𝑐𝑐 ) and the longitudinal steel
reinforcement ratio of the base RC column (𝜌𝜌𝑠𝑠).

In order to investigate the influence of the ratio t/d on the axial load-bending moment
capacity of the strengthened RC column, five RC columns were analysed by using the
proposed theoretical approach. The first RC column was assumed to be the reference
RC column (base RC column) and the remaining four RC columns were assumed to
be strengthened RC columns. All the base RC columns were assumed to have a
diameter of 500 mm. The ratio of the longitudinal steel reinforcement of these columns
(𝜌𝜌𝑠𝑠) was taken as 0.02. All the base RC columns were assumed to be reinforced with
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R12 plain steel helices on the lateral direction. The clear concrete cover was assumed
to be 30 mm on the sides and at the top and bottom of the columns. The yield tensile
strength of the longitudinal and transverse steel reinforcement was assumed to be 400
MPa, taking into the account that steel reinforcement is deteriorated in the existing RC
column.

The four strengthened RC columns were assumed to be jacketed with 25 mm, 50 mm,
62.5 mm and 83.5 mm thick RPC jackets. Thus, the ratios of RPC jacket thickness t
to the diameter of the base RC column d (t/d) were 0.05, 0.1, 0.125 and 0.167,
respectively.

All the five base RC columns were assumed to be constructed with NSC of unconfined
compressive strength of 30 MPa. The NSC was assumed to have an unconfined
compressive strain of 0.002 corresponding to 𝑓𝑓𝑐𝑐′𝑐𝑐 and an ultimate unconfined

′
compressive strain of 0.003 corresponding to 0.85𝑓𝑓𝑐𝑐𝑐𝑐
. The unconfined compressive

strength of the RPC was taken as 110 MPa. The effective strain in the FRP at failure
(ɛ𝑓𝑓𝑒𝑒 ) was taken as 0.004 [21].
The external confinement of FRP to each RPC jacketed column was assumed to be
enough to achieve a minimum confinement ratio of 0.08 [21]. Therefore, 𝑓𝑓𝑙𝑙 was taken

as 0.08𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 , where 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 is the weighted average unconfined compressive strength of
the NSC and the RPC. The 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 was calculated using Equation (4-33).
𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 =

𝑓𝑓′𝑐𝑐𝑐𝑐 (𝐴𝐴𝑡𝑡 −𝐴𝐴𝑔𝑔 ) +𝑓𝑓′𝑐𝑐𝑐𝑐 𝐴𝐴𝑔𝑔

𝐴𝐴𝑡𝑡

100

(4-33)

Figure 4-5 presents the axial load-bending moment interactions of the reference and
the strengthened RC columns. The axial loads (N) and the bending moments (M) in
Figure 4-5 were normalised, so that they can be used for the design purposes to
strengthen circular RC columns. The figure illustrated that the axial load-bending
moment capacity of the strengthened RC column varies significantly with the change
in the t/d ratio. Figure 4-5 illustrated also that the axial load-bending moment capacity
of the strengthened RC column increased significantly with the increase in the t/d ratio.
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Figure 4-5: Effect of 𝑡𝑡/𝑑𝑑 ratio on the axial load-bending moment capacities of the
reference and strengthened RC columns

As can be observed from Figure 4-5, using a RPC jacket with a thickness of t/d ratio
of only 0.01 achieved a significant increase in the axial load-bending moment capacity
of the existing circular RC column when the minimum confinement ratio was used.
However, the RPC jacket thickness should not be less than 25 mm for practical
considerations [19]. The RC column with a diameter larger than 500 mm can be
strengthened with a RPC jacket having a thickness less than d/10 based on the required
strength and the position of the column. This is because the RPC jacket with a
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thickness of d/20 is still reliable enough to increase the axial load-bending moment
capacity of the column, as shown in Figure 4-5. However, RC columns which are
subjected to the concentric axial load should be jacketed with a RPC of sufficient
thickness. This sufficient thickness is required to avoid the premature failure of the
RPC jacket due to the expansion of the concrete core of the base RC column under
concentric axial load.

Figure 4-6 investigates the influence of the unconfined compressive strength of the
RPC (𝑓𝑓𝑐𝑐𝑐𝑐′ ) on the axial load-bending moment capacity of the strengthened RC column.

Three base circular RC columns were assumed to have d = 500 mm, 𝜌𝜌𝑠𝑠 = 0.02 and

𝑓𝑓 ́ 𝑐𝑐𝑐𝑐 = 30 MPa. The three RC columns were assumed to be strengthened with the RPC
jacket of thickness d/10 and FRP wrapping with 𝑓𝑓𝑙𝑙 = 0.08𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 . The 𝑓𝑓𝑐𝑐𝑐𝑐′ was assumed

to be 100 MPa, 150 MPa and 200 MPa. Increasing the 𝑓𝑓𝑐𝑐𝑐𝑐′ increased the axial load-

bending moment capacity of the strengthened RC column significantly up to the
balanced failure capacity. However, the influence of the 𝑓𝑓𝑐𝑐𝑐𝑐′ after the balanced failure

capacity decreased and had only a marginal effect on the pure bending moment
capacity.
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Figure 4-6: Effect of 𝑓𝑓𝑐𝑐𝑐𝑐′ on the axial load-bending moment capacity of the
strengthened RC column

Figures 4-7 and 4-8 show the influence of 𝑓𝑓𝑐𝑐′𝑐𝑐 and 𝜌𝜌𝑠𝑠 on the axial load-bending moment

interactions of the strengthened RC column. In Figure 4-7, three base RC columns
were assumed to be strengthened with the proposed strengthening technique by using
′
the RPC jacket thickness of d/10 and FRP wrapping with 𝑓𝑓𝑙𝑙 = 0.08𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
. The three RC

columns were assumed to have the same 𝜌𝜌𝑠𝑠 of 0.02 with 𝑓𝑓𝑐𝑐′𝑐𝑐 of 25 MPa, 30 MPa and
′
35 MPa. Figure 4-7 showed that increasing 𝑓𝑓𝑐𝑐𝑐𝑐
had a marginal influence on the axial

load-bending moment capacity of the strengthened RC column. Also, the influence
was negligible from the balanced failure capacity up to the pure bending moment
capacity of the strengthened column.
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Figure 4-7: Effect of 𝑓𝑓𝑐𝑐′𝑐𝑐 on the axial load-bending moment capacity of the
strengthened RC column

In Figure 4-8, three base RC columns were assumed to be strengthened with the
proposed strengthening technique by using the RPC jacket of thickness d/10 and FRP
′
wrapping with 𝑓𝑓𝑙𝑙 = 0.08𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
. The columns were assumed to have three different 𝜌𝜌𝑠𝑠

′
(0.01, 0.02 and 0.03) and the same 𝑓𝑓𝑐𝑐𝑐𝑐
of 30 MPa. Figure 4-8 shows that the axial

load-bending moment capacity of the strengthened RC column slightly increased with
the increase in the 𝜌𝜌𝑠𝑠.
It can be concluded from the parametric study that under a constant minimum
confinement pressure by the FRP wrapping, the t/d ratio is the most significant factor
that affects the axial load-bending moment capacity of a circular RC column
strengthened with RPC jacket and FRP wrapping.
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Figure 4-8: Effect of 𝜌𝜌𝑠𝑠 on the axial load-bending moment capacity of the
strengthened RC column

4.7 Conclusions
In this study, a theoretical approach for the axial load-bending moment interactions of
a strengthened circular RC column is presented. The circular RC column was
strengthened by a new strengthening technique. The new technique consisted of
jacketing with RPC and wrapping with FRP. A simplified approach of the section
analysis was used to create the theoretical axial load-bending moment interactions of
the strengthened RC column. The theoretical axial load-bending moment interactions
were found to be well-matched and conservative compared to the experimental axial
load-bending moment interactions.

The study also presents a parametric study to investigate the effect of four parameters
on the axial load-bending moment capacity of the strengthened RC column. The
parameters investigated include the ratio of the RPC jacket thickness to the diameter
of the base RC column, compressive strength of the RPC jacket, compressive strength
of NSC of the base RC column and ratio of longitudinal steel of the base RC column.
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The ratio of the RPC jacket thickness to the diameter of the base RC column was found
to be the most influential factor on the axial load-bending moment capacities of the
strengthened RC column.
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Summary
This chapter presented a theoretical approach for the axial load-bending moment
interactions of the circular RC columns jacketed with RPC and wrapped with FRP.
The theoretical axial load-bending moment interactions created by the new approach
matched well the experimental axial load-bending moment interactions. The
theoretical investigation presented in this chapter can be used as a design guide for the
circular RC columns strengthened with RPC jacket and FRP wrapping. To investigate
the new jacketing system presented in Chapter three with the RC columns having
square cross-sections, the next chapter investigates the experimental axial-flexural
behaviour of square RC columns circularised with RPC jacket and wrapped with FRP.
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Preamble
Based on the experimental results of Chapter three, jacketing with RPC and wrapping
with FRP was found to be an effective technique for strengthening circular RC
columns. However, the new strengthening technique needs to be examined with RC
columns having non-circular cross-sections such as square RC columns. This chapter
presents experimental study to investigate the axial-flexural behaviour of square RC
columns circularised with RPC jacket and wrapped with FRP. The base square RC
column specimens in this study were wrapped with FRP, circularised with RPC jacket
and circularised with RPC then wrapped with FRP. The specimens were tested under
concentric axial load, eccentric axial loads and four-point bending. The experimental
axial load-bending moment interactions of the tested specimens were presented.

5.1 Abstract
This paper presents a new strengthening technique for square reinforced concrete (RC)
columns by the circularisation with reactive powder concrete (RPC) and wrapping
with fibre reinforced polymer (FRP). Results of testing 16 RC column specimens are
presented. The specimens were divided into four groups of four specimens based on
the strengthening techniques. Four specimens were considered as reference square
(150 mm side length) RC specimens without any strengthening, four specimens were
wrapped with two layers of carbon fibre reinforced polymer (CFRP) and the remaining
eight specimens were strengthened by circularisation them (changing the square crosssection to a 240 mm diameter circle) with RPC jacket. Four of the RPC jacketed
specimens were left unwrapped while the last four specimens were wrapped with two
layers of CFRP. From each group, one specimen was tested under concentric axial
load, two specimens were tested under eccentric axial load and one specimen was
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tested under four-point bending. It was found that using the RPC for circularisation
and strengthening existing square RC columns is an effective technique to
significantly increase their axial carrying capacity, ultimate flexural load and energy
absorption. Wrapping the circularised RC columns with CFRP prevented the failure
of the RPC jacket at the corners of the existing square RC columns under the axial
load, and improved the ultimate load as well as the energy absorption of the
circularised RC columns.

Keywords: Square Concrete Column; Reactive Powder Concrete; Jacketing; CFRP;
Wrapping.

5.2 Introduction
The common reasons for retrofitting reinforced concrete (RC) columns in vital
infrastructure include functional changes, corrosion of steel reinforcement and
changes in design code requirements. In recent years, many techniques were used for
strengthening RC columns [1]. Reinforced concrete with compressive strength less
than 50 MPa (NS-RC) was used as a jacket to strengthen square RC columns. The
jacket was reinforced with either steel bars or mesh and had a thickness of not less
than 100 mm [2, 3]. However, NS-RC jacketing may not be a very efficient method to
strengthen square RC column, as the NS-RC jacket increases substantially the selfweight of the existing column and reduces the available space in the strengthened
structure. Also, the distribution and the connection of the added reinforcement of the
jacket are among the practical disadvantages of NS-RC jacketing. In other words, the
anchoring of the added longitudinal steel bars with the foundation and the connection
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of the lateral steel reinforcement with the existing column create difficulties during
the construction of the NS-RC jacket [4, 5].

Takeuti et al. [6] used high strength reinforced concrete (HS-RC) jackets to strengthen
RC columns. These jackets had smaller thickness compared with the NS-RC jackets.
However, the RC column strengthened with HS-RC jacket usually exhibits a quasilinear behaviour up to the ultimate axial load. After the ultimate axial load, the axial
capacity of HS-RC jacketed column drops significantly [7]. The main reason for this
behaviour of HS-RC jacketed columns is the tensile stresses developed by the different
lateral expansion rates of the NS-RC core and the HS-RC jacket, which lead to a
premature failure in the jacket [8]. Moreover, the HS-RC jacketing has similar
practical disadvantages to the NS-RC jacketing which are mainly due to the
reinforcement of the jacket.

Fibre reinforced polymer (FRP) jacket and steel jacket were used for strengthening
RC columns [3]. However, the steel jacket suffers from poor corrosion resistance as
well as local buckling during the construction process and service life. Compared to
the steel jacket, the FRP jacket possesses lighter self-weight and superior durability.
The FRP jacket increases the strength and ductility of the RC columns [9].
Nevertheless, strengthening by FRP jacket depends mainly on the lateral confinement
pressure [1]. Although circular FRP jackets provide uniform confinement pressure to
the concrete, square and rectangular FRP jackets provide nonuniform confinement
pressure to the concrete. The nonuniform confinement pressure decreases the
confinement efficiency of the FRP jacket [10]. Rounding the corners of the section
and shape modification are commonly used techniques to improve the efficiency of
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the confinement for the square and rectangular columns. The radius of rounding the
corners of the existing square and rectangular RC columns is dominated by the
presence of internal lateral steel reinforcement and the requirement of the concrete
cover for the durability of the column [11]. Thus, shape modification of square
columns to circular columns is considered an effective technique for improving the
efficiency of the confinement for square columns [12].

It is well known that FRP wrapping has a marginal positive effect on the yield load
and flexural capacity of RC columns [13]. Also, the confinement efficiency of FRP
decreases for columns with large sizes [10]. Furthermore, confinement efficiency
decreases under eccentric axial loading conditions [12, 14. Therefore, several layers
of FRP may be required to achieve a significant enhancement in the axial strength of
RC columns with large sizes which are subjected to eccentric axial load. The increase
of FRP layers is an expensive solution and leads to bond failure [15].

Reactive powder concrete (RPC) is a high performance concrete with superior
mechanical properties, ductility, repairing characteristics and durability compared to
the other types of concrete [16, 17, 18]. The dense structure of the RPC and the
presence of the steel fibres reduce the differential tensile strains in the RPC and
increase the load carrying capacity [16, 19]. Malik and Foster [19] studied the
experimental behaviour of FRP confined circular RPC column specimens. The RPC
column specimens were internally reinforced with steel fibre without any steel bars
and externally wrapped with carbon fibre reinforced polymer (CFRP). Malik and
Foster [19] found that the CFRP confined RPC column specimen achieved 19%
greater maximum axial load than unconfined RPC column specimen. Huynh et al. [20]
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studied the behaviour of square RC specimens constructed with high strength concrete
partially replaced by RPC under three-point bending. The study showed that the partial
replacement of the high strength concrete by the RPC improved the maximum load
and energy absorption of the tested specimens. The RPC can be used for strengthening
existing deficient RC columns as it has superior durability and superior mechanical
properties. However, the behaviour of square RC columns strengthened by the
circularisation with RPC jacket has not been investigated yet. Also, the behaviour of
square RC columns strengthened by the circularisation with RPC jacket and wrapped
with FRP has not been investigated either.

This paper proposes a new strengthening technique for square RC columns consisting
of circularisation with RPC and wrapping with FRP. The column specimens in this
study were tested under different loading conditions so as to establish the experimental
axial load-bending moment interaction diagrams. The loading conditions included
concentric axial load, eccentric axial loads and four-point bending.

5.3 Experimental program
5.3.1 Specimen details
In this study, 16 reinforced concrete (RC) specimens were cast and tested. The
specimens were divided into four groups of four specimens based on the adopted
strengthening technique (Figure 5-1). The base specimens were assumed to be the
existing RC columns with a square cross-section of 150 mm × 150 mm and a height
of 800 mm. The base specimens are considered as short columns based on AS 36002009 [21] (both ends pinned unbraced column with an effective length to radius of
gyration ratio ≤ 22). All the base specimens were cast with normal strength concrete
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(NSC). The NSC was supplied by a local company with a target compressive strength
of 25 MPa. Each of the base specimens was reinforced with 4N12 (4 steel bars of 12
mm diameter) deformed longitudinal steel bars and R6 (6 mm diameter) plain steel
ties spaced at 50 mm centre to centre. A clear concrete cover of 15 mm was provided
at the sides as well as at the top and bottom of the base specimens. The clear concrete
cover of the base specimens was taken to be more than 4/3 times the maximum size
of the coarse aggregate for the NSC. In this study, the maximum size of the coarse
aggregate for the NSC was 10 mm.

Figure 5-1: Cross-sections of the specimens: (a) Group S; (b) Group SF; (c) Group
SJ and (d) Group SJF

The specimens in the first group were the reference base specimens without any
strengthening and were identified as Group S specimens. The specimens in the second
group were rounded at the corners for a radius of 20 mm. These were wrapped with
two layers of CFRP and were identified as Group SF specimens. The specimens in the
third group were circularized with a RPC jacket. The outer diameter of the RPC jacket
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was 240 mm. These were identified as Group SJ specimens. The specimens in the
fourth group were circularized with a RPC jacket of 240 mm outer diameter and
wrapped with two layers of CFRP. These were identified as Group SJF specimens.

In each group of specimens, one specimen was tested under concentric axial load, one
specimen was tested under 20 mm eccentric axial load, one specimen was tested under
40 mm eccentric axial load and the remaining specimen was tested under four-point
bending. The tested specimens were labelled based on the group name and the loading
condition (Table 5-1).
Table 5-1: Test matrix
Specimen Dimensions
(mm)

Longitudinal
reinforcement

Transverse
reinforcement

Type of
Jacketing

Load
eccentricity
(mm)

S-0
S-20
S-40
S-B

Square:
150 × 150 ×
800

4N12

R6@50 mm
c/c

-

0
20
40
Flexural

SF-0
SF-20
SF-40
SF-B

Square:
150 × 150 ×
800 (rounded
corners)

Two layers 0
20
of CFRP
40
Flexural

SJ-0
SJ-20
SJ-40
SJ-B

Circular:
Ø240 × 800

RPC

0
20
40
Flexural

SJF-0
SJF-20
SJF-40
SJF-B

Circular:
Ø240 × 800

RPC and
two layers
of CFRP

0
20
40
Flexural
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The first part of the specimen label denotes the group name and the second part denotes
the loading condition. For example, SF-40 refers to the specimen that was wrapped
with two layers of CFRP and tested under axial load with 40 mm eccentricity.
Specimen SJF-B refers to the RPC jacketed specimen wrapped with two layers of
CFRP and tested under four-point bending. The test matrix with full details of the
specimens is presented in Table 5-1.

5.3.2 Components and mix design of RPC
The RPC mix used in this study contains cement, silica fume, fine sand,
superplasticiser, water and steel fibre. The cement used in the RPC mix was General
purpose cement (Type GP) according to AS 3972-2010 [22]. The silica fume was
densified silica fume produced by SIMCOA’s silicon plant, Western Australia [23],
and was supplied by the Australasian (iron & steel) Slag Association [24]. The sand
was Sydney fine sand with 150-600 µm particle size. The Master Glenium SKY 8700
was used as superplasticiser [25]. The water used in the RPC mix was tap water
available in the laboratory. The steel fibres used in the RPC mix were straight and
smooth steel fibres with a length of 13 mm, a diameter of 0.2 mm and a nominal tensile
strength of 2500 MPa [26].

The mix design of the RPC consisted of 880 kg/m3 cement, 220 kg/m3 silica fume,
924 kg/m3 Sydney fine sand, 50.16 l/m3 superplasticiser, 176 kg/m3 water and 117
kg/m3 steel fibres. The proportion of steel fibre was 1.5% by volume of the RPC. The
proportion of steel fibre was selected based on the recommendations in Ju et al. [27].
It was found that steel fibre content of 1.5% by volume increased the compressive
strength and tensile strength of the RPC [27]. The RPC mix was designed to achieve
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high flowability and high compressive strength. All the experimental work of this
study was carried out at the Structural Engineering laboratory of the University of
Wollongong, Australia.

5.3.3 Preliminary tests
Flowability of the RPC was evaluated by applying the flow table test according to the
ASTM C230/C230M-14 [28]. The RPC mix achieved high flowability with an average
flow diameter of 220 mm. Compressive strength and indirect tensile strength of NSC
and RPC were determined according to AS 1012.9-2014 [29] and AS 1012.10-2014
[30], respectively. Each test was performed using three cylinder specimens of 100 mm
diameter and 200 mm height. The average 28-day compressive strength and the
average 28-day splitting tensile strength of the NSC were 29 MPa and 2.5 MPa,
respectively. The average compressive strengths of the NSC were 37 MPa and 39 MPa
at the start and the end of the test, respectively. The RPC had an average compressive
strength of 110 MPa and an average splitting tensile strength of 9 MPa at 28 days. The
average compressive strength of the RPC was 124 MPa at the start of the test and 129
MPa at the end of the test.

Reinforcing steel bars of the base specimens were tested according to AS 1391-2007
[31] to determine the tensile strength. The test was carried out using the 500 kN Instron
8033 testing machine. The tensile strength test was performed by testing three
specimens from each bar size. The N12 bars had an average yield tensile strength of
585 MPa and an average ultimate tensile strength of 634 MPa. The R6 bars had an
average yield tensile strength of 578 MPa and an average ultimate tensile strength of
613 MPa. The CFRP sheets used for wrapping of the specimens had a width of 100
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mm and an average thickness of 0.3 mm. Coupon test according to the ASTM D303908 [32] was performed to determine the tensile strength of the CFRP. Three specimens
with a width of 25 mm and a length of 250 mm were tested. The tensile strength test
of the CFRP was performed using the 500 kN capacity Instron 8033 testing machine.
For two layers of the CFRP sheets, the average maximum tensile force per unit width
was 1249 N/mm. The average ultimate tensile strain and the average tensile modulus
of elasticity were 0.0247 and 50567 N/mm, respectively.

5.3.4 Fabrication of test specimens
Plywood formwork was used for the base specimens with clear interior dimensions of
150 mm × 150 mm × 800 mm. The rounded corners of the specimens of Group SF
were formed by using Styrofoam strips, which were fixed at the inside corners of the
formwork. The reinforcement cages were formed by connecting the R6 steel ties with
the longitudinal N12 steel bars. The entire reinforcement cages were placed inside the
formwork before casting of the concrete. All base specimens were cast with NSC. Two
electric vibrators with a 25 mm diameter hose were used to compact the NSC inside
the formwork. The base specimens were cured under the laboratory conditions for 24
hours. The specimens were covered with a wet hessian for six days. The base
specimens were demoulded after seven days of wet curing and left to cure under the
laboratory conditions until the age of 26 days. At the age of 26 days, the RPC jackets
were cast for eight base specimens (Groups SJ and SJF), whereas the remaining eight
specimens were left without jacketing (Groups S and SF). The four unjacketed
specimens with rounded corners were wrapped with two layers of CFRP (Groups SF).
The remaining four base specimens were left without any strengthening and
considered as reference specimens (Group S).
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To achieve adequate bond strength between the surface of the base specimen and the
RPC jacket, adequate care was taken to achieve the desired roughness for the surface
of the base specimen. First, the surface of each base specimen was sandblasted inside
a closed sandblasting chamber. Then, a chipping hammer was used to prickle the zones
of the base specimen that were not sandblasted efficiently. Next, all weak particles on
the surface of the base specimens were removed by using a steel wire brush.
Afterwards, air jet was applied by a blower to clean the dust on the surface. In the end,
the surface of the base specimen was cleaned with a wet piece of cloth and left to dry
in the laboratory until the day of the RPC casting.

The PVC pipes were used for the formworks of the RPC jackets of Group SJ and SJF
specimens. Each PVC pipe had a clear interior diameter of 240 mm. Hence, the clear
thickness of the RPC jacket at the corners of the base specimen was 14 mm. The height
of the formworks of the jacketed specimen was 800 mm. The eight base specimens
were placed first on a plywood base at the correct positions then the PVC pipe
formworks were installed and glued to the base by silicon glue. Later, the PVC pipe
formwork was supported by three plywood frames one at the top, one at the mid-height
and one at the bottom. The jackets were cast with the RPC. Two small electric
vibrators were used to compact the RPC inside the PVC pipe formwork. The RPC
passed through the narrow formwork of the jacket easily due to its high flowability.
Figure 5-2 shows the preparation of specimens before and after jacketing.
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(a)

(b)

(c)

Figure 5-2: Preparation of specimens: (a) formwork and reinforcement of reference
specimen; (b) formwork of jacketed specimen and (c) jacketed specimen after
casting
The RPC jacketed specimens were cured for 24 hours then covered with wet hessian
for six days. On the seventh day, the RPC jacketed specimens were demoulded and
the surfaces of the four specimens that were designed to be wrapped (Group SJF) were
cleaned and left to dry before wrapping with CFRP.

The wet layup method was used for wrapping the specimens of Groups SF and SJF
with CFRP. The CFRP sheets were cut to achieve the length of two layers plus a 100
mm of circumferential overlap. Afterwards, each sheet was coated with epoxy resin
on the two sides. The surface of the specimen was also coated with epoxy resin. To
prepare the epoxy resin, the hardener and epoxy were mixed with a ratio of 1 to 5 by
volume. The coated CFRP sheet was wrapped gently on the surface of the specimen.
A very thin layer of epoxy resin was applied on the surface of the CFRP sheet at the
overlap zone. This technique was adopted to avoid any de-bonding between the CFRP
layers. Group SF and SJF specimens were wrapped with two layers of CFRP for the
entire height of the specimen.
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To prevent any premature failure during the test, the specimens tested under concentric
and eccentric axial loads were wrapped at both ends with two layers of CFRP with a
width of 100 mm. Also, the four specimens tested under four-point bending were
wrapped with two layers of CFRP from each end up to the middle one-third of the
specimens (up to the pure bending moment zone). This was done to avoid any shear
failure for Specimen SJ-B. Specimens S-B, SF-B and SJF-B were wrapped with two
layers of CFRP from each end as was done to Specimen SJ-B. This additional CFRP
wrapping was done to achieve consistent comparison between the test specimens.
After wrapping, the specimens were cured in the laboratory for at least seven days
before the test.

5.3.5 Testing of the specimens
All specimens were tested using the Denison testing machine of 5000 kN capacity.
Deformation control at a rate of 0.5 mm per minute was used for testing. The axial
deformation was determined by the average reading of two Linear Variable
Differential Transducers (LVDTs). The LVDTs were connected to the lower plate of
the testing machine and attached vertically to the upper plate of the testing machine at
two opposite corners. The axial load was directly captured from the load cell of the
Denison testing machine. In addition, a laser triangulation was used to record the midheight lateral deformation of the eccentrically loaded specimens and the midspan
deflection of the specimens tested under four-point bending. Loading heads similar to
those used by Hadi et al. [33] were used in this study to apply the eccentric axial load.
Each loading head consisted of an adapter steel plate with two grooves. The steel
loading heads were installed at the ends of the specimen using high strength plaster
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and left to dry for about one hour before the start of the test. To apply the eccentric
axial load, two steel plates with overhang edge were placed in the required grooves at
the top and bottom to achieve the required eccentricity (20 mm or 40 mm). Figure 53 shows the test setup of the eccentrically loaded specimen. Steel frames, similar to
those used by Hadi et al. [34] with flat and circular supports, were used for the fourpoint bending test. The steel frames consisted of two steel rigs fixed at the top and
bottom of the specimen to achieve the four-point bending system with a shear span of
233 mm (one-third of the span length).

LVDT

Laser triangulation
Loading heads

Figure 5-3: Test setup of eccentrically loaded specimen

5.4 Test results and discussion
5.4.1 Definition of energy absorption
Energy absorption of each specimen was computed by calculating the area under the
load-deformation curve. For the specimens tested under concentric and eccentric axial
loads, the energy absorption was calculated for up to three times the deformation at
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the yield load (3δy) [35]. The energy absorption up to 3δy was not considered
representative of the energy absorption of the specimens tested under four-point
bending. This is because the 3δy for Specimens S-B, SF-B and SJF-B was lower than
the deflection corresponding to the maximum flexural load. Therefore, the energy
absorption of the specimens tested under four-point bending was computed using the
area under the load-deflection curve for up to 5.5δy [35]. The δy, which is the
deformation at the yield load, was determined by the intersection of two straight lines.
The first straight line is the best-fit regression line to the initial part of the loaddeformation response and the second straight line is a horizontal line passing through
the maximum load [33].

5.4.2 Behaviour of the specimens under concentric axial load
Figure 5-4 shows the failure modes of the specimens tested under concentric axial
load. Specimen S-0 failed by the spalling of concrete cover close to the corners at the
mid-height segment of the specimen. Spalling of concrete cover occurred probably
because of the stress concentrations at the corners of the base specimen. Later, cracks
at different positions of the specimen were observed. The final failure of Specimen S0 occurred by the buckling of the longitudinal steel bars and fracture of transverse steel
ties. Failure of Specimen SF-0 occurred by the rupture of the CFRP and the crushing
of concrete at the mid-height segment of the specimen. Specimen SJ-0 failed by
splitting vertical cracks close to the corners of the base specimen followed by small
cracks at different parts of the specimen. The vertical cracks occurred as a result of the
stress concentrations at the corners of the base specimen. Failure of Specimen SJF-0
occurred by the CFRP rupture and RPC crushing at the mid-height of the specimen
(Figure 5-4).
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The axial load-axial deformation curves of the reference specimen and the
strengthened specimens under concentric axial load are shown in Figure 5-5.
Specimen S-0 achieved a yield axial load of 666 kN with a corresponding yield axial
deformation of 2.2 mm. The specimen achieved an ultimate axial load of 798 kN. The
energy absorption of Specimen S-0 was 4000 kN.mm (Table 5-2).

Figure 5-4: Failure modes of the specimens tested under concentric axial load

4000
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SF-0
SJ-0
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Figure 5-5: Axial load-axial deformation responses of the specimens tested under
concentric axial load
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Axial load-axial deformation response of Specimen SF-0 was characterized by a
quasi-bilinear behaviour. After the yield axial load, the axial load increased with the
increase in the axial deformation (hardening response) up to the ultimate axial load.
The failure of Specimen SF-0 occurred suddenly at an ultimate axial load of 1462 kN.
Table 5-2: Experimental results of specimens tested under concentric axial load
Specimen

S-0

SF-0

SJ-0

SJF-0

Yield axial load (kN)

666

855

2652

3018

Axial deformation at
yield axial load (mm)

2.2

4

3

3.6

Ultimate axial load
(kN)

798

1462

2892

3641

Axial deformation at
ultimate axial load
(
)
Energy absorption
(kN.mm)

3.9

30.5

3.7

6.3

4000

10343

13569

22695

The yield axial load of Specimen SF-0 was 28% higher than the yield axial load of
Specimen S-0, and the ultimate axial load of Specimen SF-0 was 83% higher than the
ultimate axial load of Specimen S-0. The energy absorption of Specimen SF-0 was
158% higher than the energy absorption of Specimen S-0 (Table 5-2). The higher
ultimate axial load and energy absorption of Specimen SF-0 compared to Specimen
S-0 resulted from the confinement of CFRP wrapping.

The initial axial stiffness of Specimen SJ-0 was greater than the initial axial stiffness
of Specimens S-0 and SF-0 (Figure 5-5). The higher initial axial stiffness of Specimen
SJ-0 compared to the initial axial stiffness of Specimens S-0 and SF-0 was due to the
jacketing with the RPC. The yield axial load of Specimen SJ-0 was 2652 kN.
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Specimen SJ-0 sustained an ultimate axial load of 2892 kN, which was 9% higher than
the yield axial load. After the ultimate axial load, the axial load of Specimen SJ-0
dropped suddenly with increasing axial deformation. The increase in the axial
deformation was due to the marginal confinement provided by the RPC jacket on the
base specimen. The sudden drop in the axial load decreased the axial load to about
45% of the ultimate axial load. Afterwards, the axial load-axial deformation response
exhibited softening response (decrease in the axial load with the increase in the axial
deformation). The softening response was due to the confinement provided by the
internal steel ties. It is noted that Specimen SJ-0 did not lose the structural integrity
even at the end of the test. Specimen SJ-0 achieved substantially larger yield and
ultimate axial loads compared to Specimen S-0. The yield axial load of Specimen SJ0 was 298% greater than the yield axial load of Specimen S-0, and the ultimate axial
load of Specimen SJ-0 was 262% greater than the ultimate axial load of Specimen S0. Also, the energy absorption of Specimen SJ-0 was 239% greater than the energy
absorption of Specimen S-0 (Table 5-2). The increase in the yield and ultimate axial
loads and energy absorption of Specimen SJ-0 resulted from the increase in the axial
stiffness of the specimen due to the circularization of the base specimen by the RPC
jacket.

Specimen SJF-0 sustained a yield axial load of 3018 kN. The ultimate axial load of
Specimen SJF-0 was 21% higher than the yield axial load. The higher ultimate axial
load of Specimen SJF-0 compared to the yield axial load was due to the influence of
the confinement provided by the CFRP wrapping on the jacketed specimen. The
ultimate axial load of Specimen SJF-0 was followed by a sudden drop in the axial
load, which was due to the rupture of CFRP. Afterwards, there was an increase in the
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axial load up to a second peak axial load (Figure 5-5). The second peak axial load was
about 10% less than the first peak axial load (ultimate axial load). The second peak
axial load was due to the effect of confinement provided by the RPC jacket to the base
specimen. Later, a second drop in the axial load occurred and the axial load decreased
to about 30% of the ultimate axial load, which was due to the crushing of the RPC
jacket. The yield axial load of Specimen SJF-0 was 353% greater than the yield axial
load of Specimen S-0, and the ultimate axial load of Specimen SJF-0 was 356% greater
than the ultimate axial load of Specimen S-0. The energy absorption of Specimen SJF0 was 467% greater than the energy absorption of Specimen S-0 (Table 5-2). In
addition, the ultimate axial load of Specimen SJF-0 was 26% larger than the ultimate
axial load of Specimen SJ-0. The energy absorption of Specimen SJF-0 was 67%
greater than the energy absorption of Specimen SJ-0. The higher ultimate axial load
and energy absorption of Specimen SJF-0 compared to Specimen SJ-0 can be
attributed to the influence of the confinement provided by the CFRP wrapping.

It can be observed that Specimen SJ-0 had higher yield axial load, ultimate axial load
and energy absorption compared to Specimen SF-0. Also, Specimen SJF-0 achieved
higher yield and ultimate axial loads as well as higher energy absorption than
Specimen SJ-0. It is important to note that wrapping the RPC jacket with CFRP in
case of Specimen SJF-0 limited the lateral expansion at the corners of the base
specimen and hence prevented the premature lateral tensile failure in the RPC jacket
that occurred in Specimen SJ-0.

To show the increase in the maximum axial stress of the specimens due to the increase
in the axial stiffness and the confinement of CFRP, the axial stress-axial strain
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responses of Specimens S-0, SF-0, SJ-0 and SJF-0 were presented in Figure 5-6. As
can be seen in Figure 5-6, the initial axial stiffness of Specimen SF-0 was relatively
identical to the initial axial stiffness of Specimen S-0. The maximum axial stress of
Specimen SF-0 was 83% higher than the maximum axial stress of Specimen S-0. The
initial axial stiffness of Specimen SJ-0 was significantly higher than the initial axial
stiffness of Specimen S-0. The maximum axial stress of Specimen SJ-0 was 80%
higher than the maximum axial stress of Specimen S-0. Specimens SJF-0 had an initial
axial stiffness close to the initial axial stiffness of Specimen SJ-0. However, Specimen
SJF-0 achieved maximum axial stress 127% higher than the maximum axial stress of
Specimen S-0. It is evident that the proposed strengthening technique of this study
depends on the increase in the stiffness of the square RC column due to the
circularisation with RPC, then wrapping with CFRP to achieve the required energy
absorption.
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Figure 5-6: Axial stress-axial strain responses of the specimens tested under
concentric axial load
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5.4.3 Behaviour of the specimens under 20 mm eccentric axial load
Specimen S-20 failed by the crushing of concrete on the compression side at the midheight segment of the specimen with cracking of concrete cover on the tension side
(Figure 5-7(a)). Failure of Specimen SF-20 initiated with outward buckling and
cracking on the tension side followed by the rupture of the CFRP on the compression
side. Failure of Specimen SJ-20 initiated with splitting vertical cracks on the
compression side close to the corners of the base specimen followed by the cracking
of RPC on the tension side. Specimen SJF-20 failed by the rupture of the CFRP with
crushing of RPC on the compression side within the mid-height segment of the
specimen, which was followed by cracking between the CFRP strips on the tension
side within the mid-height segment of the specimen (Figure 5-7(a)).

(a)

(b)

Figure 5-7: Failure modes of the specimens tested under eccentric axial load: (a)
eccentricity = 20 mm and (b) eccentricity = 40 mm

Figure 5-8(a) shows the axial load-axial deformation responses of the specimens tested
under 20 mm eccentric axial load. The yield axial load and corresponding axial
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deformation of Specimen S-20 were 397 kN and 2.3 mm, respectively. The specimen
achieved an ultimate axial load of 418 kN followed by a softening response up to the
end of the test. The energy absorption of Specimen S-20 was 2207 kN.mm (Table 53).
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Figure 5-8: Axial load-axial deformation and axial load-lateral deformation
responses of the specimens tested under eccentric axial load: (a) eccentricity = 20
mm and (b) eccentricity = 40 mm
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Under 20 mm eccentric axial load, the initial slope of the axial load-axial deformation
response of Specimen SF-20 was identical to the initial slope of Specimen S-20. This
is because wrapping with CFRP did not influence the initial stiffness of the column.
The ultimate axial load of Specimen SF-20 was slightly higher than the yield axial
load. However, the axial deformation corresponding to the ultimate axial load was
significantly higher than the yield axial deformation. This response was due to the
effect of the confinement provided by the CFRP. Beyond the ultimate axial load, the
axial load decreased with increasing axial deformation up to the final failure. The final
failure occurred by the rupture of the CFRP.
Table 5-3: Experimental results of specimens tested under 20 mm and 40 mm
eccentric axial load
Specimen

S-20

SF-20

SJ-20

SJF-20

S-40

SF-40

SJ-40 SJF-40

Yield axial load
(kN)

397

595

1915

2227

297

362

1462

1670

Axial deformation
at yield axial load
(mm)
Ultimate axial
load (kN)

2.3

3.3

3.7

4.6

2.7

3.3

3.3

3.8

418

650

2054

2398

329

429

1549

1814

Axial deformation
at ultimate axial
load (mm)
Lateral
deformation at
ultimate axial load
Energy absorption
(kN.mm)

2.8

9.1

4.4

5.5

3.8

8.9

3.7

5.1

6

18.5

2.5

3.4

6.6

16.7

3.2

4.1

8176

19036

2125 2930

5609

14401

2207 5277

The yield axial load of Specimen SF-20 was 49% higher than the yield axial load of
Specimen S-20, and the ultimate axial load of Specimen SF-20 was 55% higher than
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the ultimate axial load of Specimen S-20. The energy absorption of Specimen SF-20
was 139% higher than the energy absorption of Specimen S-20 (Table 5-3).

The axial load-axial deformation of Specimen SJ-20 showed a quasi-linear response
up to the yield axial load. The yield axial load of Specimen SJ-20 was calculated as
1915 kN. The ultimate axial load of Specimen SJ-20 was only 7% higher than the yield
axial load. After the ultimate axial load, the axial load of Specimen SJ-20 dropped to
about 45% of the ultimate axial load due to the splitting of the RPC jacket on the
compressive side of the specimen. Afterwards, the axial load decreased with
increasing axial deformation at a slower rate, which was due to the confinement
provided by the internal steel ties. The yield axial load of Specimen SJ-20 was 382%
larger than the yield axial load of Specimen S-20, and the ultimate axial load of
Specimen SJ-20 was 391% larger than the ultimate axial load of Specimen S-20. The
energy absorption of Specimen SJ-20 was 270% larger than the energy absorption of
Specimen S-20 (Table 5-3).

Specimen SJF-20 achieved a yield axial load of 2227 kN and an ultimate axial load of
2398 kN. After the ultimate axial load, the axial load of Specimen SJF-20 dropped
slightly and increased again to about 98% of the ultimate axial load. After that, the
axial load decreased suddenly with increasing axial deformation to about 49% of the
ultimate axial load. Later, the specimen showed a softening response up to the end of
the test. Compared to Specimens SF-20 and SJ-20, Specimen SJF-20 achieved higher
yield and ultimate axial loads as well as higher energy absorption. The yield axial load
of Specimen SJF-20 was 461% greater than the yield axial load of Specimen S-20, and
the ultimate axial load of Specimen SJF-20 was 473% greater than the ultimate axial
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load of Specimen S-20. The energy absorption of Specimen SJF-20 was 763% greater
than the energy absorption of Specimen S-20 (Table 5-3).

5.4.4 Behaviour of the specimens under 40 mm eccentric axial load
The failure of Specimen S-40 started by concrete crushing on the compression side
with concrete cracking on the tension side close to the mid-height segment of the
specimen. Then, the crushing of concrete increased until the concrete on the
compression side of the specimen was fragmented (Figure 5-7(b)). Specimen SF-40
failed initially by tensile cracks between the CFRP strips at the mid-height segment of
the specimen followed by the rupture of the CFRP on the compression side. Failure of
Specimen SJ-40 initiated with tensile cracks at the upper one-third segment of the
specimen followed by inclined and vertical splitting cracks on the compression side.
Specimen SJF-40 failed by typical tensile-flexural cracks between the CFRP strips on
the tension side with clear outward buckling at the mid-height of the specimen, which
was followed by rupture of the CFRP and crushing of the RPC on the compression
side (Figure 5-7(b)).

Figure 5-8(b) compares the axial load-axial deformation responses of the specimens
tested under 40 mm eccentric axial load. The yield axial load of Specimen S-40 was
297 kN with the corresponding axial deformation of 2.7 mm. The ultimate axial load
of Specimen S-40 was 329 kN. After the ultimate axial load, Specimen S-40 showed
softening axial load-axial deformation response with the energy absorption of 2125
kN.mm (Table 5-3).
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The initial axial load-axial deformation response of Specimen SF-40 was similar to
the initial axial load-axial deformation of Specimen S-40. However, the yield axial
load of Specimen SF-40 was 22% higher than the yield axial load of Specimen S-40,
and the ultimate axial load of Specimen SF-40 was 30% higher than the ultimate axial
load of Specimen S-40. The energy absorption of Specimen SF-40 was 38% higher
than the energy absorption of Specimen S-40 (Table 5-3). The higher ultimate axial
load and energy absorption of Specimen SF-40 can be attributed to the confinement
provided by the CFRP.

Under eccentric axial load with 40 mm eccentricity, Specimen SJ-40 achieved higher
initial stiffness than Specimen S-40. The higher initial stiffness of Specimen SJ-40
compared to that of Specimen S-40 was due to the circularization of the cross-section
by the RPC jacket. The yield axial load of Specimen SJ-40 was 1462 kN. Specimen
SJ-40 sustained an ultimate axial load of 1549 kN. Afterwards, the axial load dropped
to about 37% of the ultimate axial load with a slight increase in the axial deformation.
Later, the axial load-axial deformation behaviour demonstrated softening response due
to the confinement provided by the internal steel ties. A significant improvement in
the axial strength was achieved by Specimen SJ-40 compared to that of Specimen SF40. The yield axial load of Specimen SJ-40 was 392% greater than the yield axial load
of Specimen S-40, and the ultimate axial load was 370% greater than the ultimate axial
load of Specimen S-40. The energy absorption of Specimen SJ-40 was 164% greater
than the energy absorption of Specimen S-40 (Table 5-3). The higher yield axial load,
ultimate axial load and energy absorption of Specimen SJ-40 are attributed to the
influence of the RPC jacket.
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The initial slope of the axial load-axial deformation curve of Specimen SJF-40 was
similar to the initial slope of axial load-axial deformation curve of Specimen SJ-40 up
to the yield axial load, as the initial stiffness of both specimens was identical and did
not change by CFRP wrapping. Specimen SJF-40 achieved an ultimate axial load of
1814 kN, which was 9% higher than the yield axial load. After the ultimate axial load,
the axial load-axial deformation curve of Specimen SJF-40 slightly fluctuated, then
the axial load dropped to about 47% of the ultimate axial load. Afterwards, the
specimen exhibited a gradual softening response up to the end of the test. As can be
seen in Table 5-3, Specimen SJF-40 had greater yield axial load, ultimate axial load,
and energy absorption than Specimen SJ-40. The yield axial load of Specimen SJF-40
was 462% greater than the yield axial load of Specimen S-40, and the ultimate axial
load of Specimen SJF-40 was 451% greater than the ultimate axial load of Specimen
S-40. The energy absorption of Specimen SJF-40 was 577% greater than the energy
absorption of Specimen S-40.

It is important to note that the slenderness ratio (effective length to the radius of
gyration) of Specimens SJ-20, SJF-20, SJ-40 and SJF-40 was less than the slenderness
ratio of Specimens S-20, SF-20, S-40 and SF-40. This provided more resistance
against buckling for Specimens SJ-20, SJF-20, SJ-40 and SJF-40 compared to
Specimens S-20, SF-20, S-40 and SF-40. Also, the eccentricity to diameter ratio for
Specimens SJ-20, SJF-20, SJ-40 and SJF-40 was less than the eccentricity to side
length ratio for Specimens S-20, SF-20, S-40 and SF-40. However, the eccentricity
for all the specimens was measured from the centre-line of the cross-section of the
base square RC column specimens. Furthermore, the eccentricity for all the specimens
was within the cross-section of the base square RC column specimens. This achieved
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consistency in the test of the specimens in Groups S and SF with test of the specimens
in Groups SJ and SJF and simulated the application of the eccentricity for the columns
in the existing structures.

5.4.5 Behaviour of the specimens under four-point bending
Failure modes of the specimens tested under four-point bending are shown in Figure
5-9. Specimens S-B, SF-B, SJ-B and SJF-B experienced initial cracks at the midspan
segment of the specimen before reaching the ultimate flexural load. In general, the
cracks were vertical flexural cracks, which started from the tension side and
propagated upwards to the compression side within the midspan region of the
specimens. The failure of Specimen S-B occurred by the rupture of the tensile steel
bars. The failure of Specimen SF-B and Specimen SJF-B was characterized by the
cracks between the CFRP strips on the tension side. Specimen SJ-B failed mainly by
a wide crack and several small cracks, which developed from the tension side and
propagated towards the compression side with crushing of RPC on the compression
side.

Figure 5-9: Failure modes of the specimens tested under four-point bending
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As can be observed from Figure 5-10, the yield load of Specimen S-B was 107 kN and
the corresponding yield deflection was 3.4 mm. After the yield load, the flexural load
increased gradually up to the ultimate flexural load of 148 kN. The energy absorption
of Specimen S-B was 2173 kN.mm (Table 5-4).
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Figure 5-10: Flexural load-midspan deflection responses of the specimens tested
under four-point bending

The initial flexural stiffness of Specimens SF-B and S-B was similar. Specimen SF-B
showed a slightly steeper hardening response than Specimen S-B up to the ultimate
flexural load. The specimen failed suddenly due to the cracks between the CFRP strips
on the tension side of the specimen. For Specimen SF-B, the yield flexural load was
23% higher than the yield flexural load of Specimen S-B, and the ultimate flexural
load was 24% higher than the ultimate flexural load of Specimen S-B. The energy
absorption of Specimen SF-B was 84% higher than the energy absorption of Specimen
S-B (Table 5-4).
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The initial flexural stiffness of Specimen SJ-B was higher than the initial flexural
stiffness of Specimens S-B and SF-B. The higher initial flexural stiffness of Specimen
SJ-B was due to the circularization of the cross-section with the RPC jacket. Specimen
SJ-B achieved a yield flexural load of 268 kN and an ultimate flexural load of 340 kN.
Afterwards, a gradual softening response occurred up to the final failure.
Table 5-4: Experimental results of specimens tested under four-point bending
Specimen

S-B

SF-B

SJ-B

SJF-B

Yield flexural load
(kN)

107

132

268

347

Deflection at yield
flexural load (mm)

3.4

5.1

4.1

4.7

Ultimate flexural load
(kN)

148

183

340

400

Deflection at ultimate
flexural load (mm)

34.7

37.8

9.2

16.7

Energy absorption
(kN.mm)

2173

3999

5944

7203

The yield flexural load of Specimen SJ-B was 150% higher than the yield flexural load
of Specimen S-B. The ultimate flexural load of Specimen SJ-B was 130% higher than
the ultimate flexural load of Specimen S-B. The increase in the yield and flexural loads
of Specimen SJ-B compared to the yield and flexural loads of Specimen S-B was
mainly due to the increase in the flexural stiffness by the RPC jacket. The energy
absorption of Specimen SJ-B was 173% higher than the energy absorption of
Specimen S-B (Table 5-4).

The initial flexural stiffness of Specimen SJF-B was identical to that of Specimen SJB. This is because the wrapping with CFRP did not influence the initial flexural
stiffness of the specimen. However, Specimen SJF-B showed higher flexural ultimate
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load and shorter post-ultimate softening response compared to Specimen SJ-B. The
yield flexural load of Specimen SJF-B was 224% higher than the yield flexural load
of Specimen S-B, and the ultimate flexural load of Specimen SJF-B was 170% higher
than the ultimate flexural load of Specimen S-B. The energy absorption of Specimen
SJF-B was 231% higher than the energy absorption of Specimen S-B (Table 5-4). The
increase in the energy absorption of Specimen SJF-B compared to that of Specimen
SJ-B was due to the confinement effect of CFRP wrapping.

It is noted that the increase in the flexural capacity for Specimens SJ-B and SJF-B
compared to Specimen S-B was mainly due to the increase in the flexural stiffness of
the specimens. However, Specimen SJF-B achieved more energy absorption than
Specimen SJ-B due to the confinement effect of CFRP wrapping.

5.4.6 Experimental axial load-bending moment interaction diagrams
Figure 5-11 shows the axial load-bending moment interactions of the four groups of
tested specimens. The first point in the axial load-bending moment interaction diagram
represents the pure axial load. The second and the third points represent the axial loads
and bending moments under 20 mm and 40 mm eccentric axial loads, respectively.
The fourth point represents the pure bending moment capacity of the specimen. The
bending moments of the specimens under eccentric axial loads were calculated by
using Equation (5-1) and the bending moment of the specimen under four-point
bending was calculated by using Equation (5-2).

𝑀𝑀𝑒𝑒 = 𝑃𝑃𝑎𝑎 𝑒𝑒 + 𝑃𝑃𝑎𝑎 𝛿𝛿
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(5-1)

𝑀𝑀𝑝𝑝 =

𝑃𝑃𝑓𝑓 𝑙𝑙
6

(5-2)

where, 𝑀𝑀𝑒𝑒 is the bending moment due to the eccentric axial load, 𝑃𝑃𝑎𝑎 is the ultimate
eccentric axial load, 𝑒𝑒 is the corresponding eccentricity, 𝛿𝛿 is the lateral deformation at

the corresponding ultimate eccentric axial load, 𝑀𝑀𝑝𝑝 is the pure bending moment, 𝑃𝑃𝑓𝑓 is
the ultimate flexural load and 𝑙𝑙 is the span length of the specimen which was 700 mm
in this study.
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Figure 5-11: Experimental axial load-bending moment interaction diagrams

It can be observed from Figure 5-11 that specimens of Groups SJ and SJF had
significantly higher axial load-bending moment capacity compared to specimens of
Groups S and SF. In addition, the specimens of Group SJF had greater axial loadbending moment capacity than the specimens of Group SJ. Under 20 mm eccentric
axial load, the bending moments of Specimens SF-20, SJ-20 and SJF-20 were 131%,
328% and 419%, respectively, higher than the bending moment of Specimen S-20.
Under the eccentric axial load of 40 mm eccentricity, the bending moments of
Specimens SF-40, SJ-40 and SJF-40 were 59%, 338% and 423%, respectively, higher
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than the bending moment of Specimen S-40. The bending moments of Specimens SFB, SJ-B and SJF-B were 23%, 129% and 170%, respectively, higher than the bending
moment of Specimen S-B.

To generalize the results of this study, it is important to note that the confinement ratio,
which is the ratio of the confinement pressure to the unconfined compressive strength
for Group SF was 0.22. The radius of the corner of the specimens of Group SF was
13% of the side length of the square section. The ratio of the unconfined compressive
strength of the RPC to the unconfined compressive strength of the NSC for Group SJ
was 3.8. The RPC jacket thickness at the corner of the square section was 9.33% of
the side length of the square section. Group SJ achieved greater yield and ultimate
loads and energy absorption than Group SF under concentric axial load, eccentric axial
loads and four-point bending. The ultimate load and energy absorption of Group SJF
were greater than those of Group SJ under concentric axial load, eccentric axial loads
and four-point bending.

Based on the above experimental results, it was found that the circularisation with
RPC and wrapping with CFRP is more effective at strengthening square RC columns
than only circularisation with RPC, achieving higher strength and higher energy
absorption.

5.5 Conclusions
This experimental study proposed a new strengthening technique for the square RC
columns. The new strengthening technique included circularisation the square RC

143

column with RPC jacket then wrapping with CFRP. Based on the experimental results
of this study, the following conclusions can be drawn:
1. Under concentric axial load, eccentric axial loads and four-point bending the yield
and ultimate load as well as energy absorption of square column specimens
strengthened by the circularisation with RPC jacket, were significantly higher than
the corresponding yield and ultimate load and energy absorption of the same square
column specimens strengthened with only CFRP wrapping.
2. The experimental results of this study revealed that RPC can be used effectively as
a shape modifier and a strengthening jacket for the square RC column.
3. Wrapping the RPC jacketed specimens with CFRP increased the ultimate load and
energy absorption capacity of the specimens tested under concentric axial load,
eccentric axial loads and four point bending.
4. The circularisation with RPC and wrapping with CFRP increased significantly the
initial axial stiffness and maximum axial stress of the columns.
5. Wrapping the axially loaded RPC jacketed specimens with CFRP is recommended
not only to enhance the axial load capacity and energy absorption but also to
prevent the premature failure of the RPC jacket at the corners of the base specimen.
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Summary
The study of this chapter examined the new strengthening technique presented in
Chapter three with the square RC columns. The technique consisted of circularising
the square RC column with RPC jacket then wrapping the circularised column with
FRP. The experimental results showed that the RPC is an effective shape modification
and strengthening material for the square RC columns. It was found that wrapping the
circularised RC columns with FRP increased the ultimate load and energy absorption
of the columns under concentric axial load, eccentric axial loads and four-point
bending. The next chapter presents an analytical approach to predict the responses of
the circular and square RC columns strengthened with RPC and wrapped with FRP
under uniaxial compression. The analytical approach can be used to design the RC
columns which are subjected to concentric axial load and strengthened with RPC
jacket and FRP wrapping.
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Preamble
Loading condition of the concentric axial load is the main loading condition for the
RC columns. The study of this chapter investigates the analytical responses of the
circular and square RC columns strengthened with RPC and wrapped with FRP under
uniaxial compression. The analytical axial load-axial strain responses of the circular
and square RC columns jacketed with RPC and wrapped with FRP were compared
with the experimental axial load-axial strain responses. The analytical approach
presented in this study can be used as a design guide for the concentrically loaded
circular and square RC columns jacketed with RPC and wrapped with FRP.

6.1 Abstract
This paper presents an analytical approach to predict the uniaxial compression
behaviour of circular and square reinforced concrete (RC) columns strengthened with
reactive powder concrete (RPC) jackets and wrapped with fibre reinforced polymer
(FRP). The analytical axial load-axial strain responses of the strengthened RC columns
were compared with experimental axial load-axial strain responses. The analytical
approach presented in this study conservatively predicted the ultimate axial load of the
strengthened RC columns. Also, a parametric study was carried out to investigate key
factors that influence the axial load-axial strain responses of the strengthened RC
columns. It was found that the ratio of the RPC jacket thickness to the diameter or side
length of the base RC column significantly influenced the service axial load, ultimate
axial load and ductility of a strengthened RC column.

Keywords: Reinforced concrete; Columns; Jacketing; Reactive powder concrete;
Analytical investigation.
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6.2 Introduction
Reinforced concrete (RC) columns in vital infrastructure such as high-rise buildings
and highway bridges may need to be rehabilitated due to a number of reasons. These
reasons include deterioration due to the corrosion of steel reinforcement, inadequate
design, functional changes and construction errors. Jacketing with RC is one of the
most widely practiced techniques for strengthening deficient RC columns because of
the ease of the construction and availability of the construction materials [1-3]. The
traditional RC jacket is usually applied to the RC column by casting a concrete layer
reinforced with steel bars and ties or with welded wire fabric around the column. The
strength, stiffness and ductility of the deficient RC columns improve by the RC jacket
[4, 5]. However, jacketing with RC is associated with a few disadvantages including
increases in the dead load, requirements for the dowelling and anchoring with the base
RC column, slow progress of the construction and decrease in the available space of
the strengthened structure [1, 3].

Several studies investigated the behaviour of RC columns strengthened with high
strength RC jackets. Takeuti et al. [6] revealed that the use of high strength RC jacket
decreased the thickness of the jacket and achieved the required load capacity.
However, the concentrically loaded RC column strengthened with high strength RC
jacket usually shows a quasi-linear response up to the maximum axial load followed
by a sudden drop in the axial load [7]. Jacketing with high strength RC also has
disadvantages similar to the jacketing with normal strength RC including the
dowelling and anchoring with base RC columns.

152

Jacketing with steel has been widely used for retrofitting RC columns. However, steel
jackets experience poor corrosion resistance. Steel jackets may also experience
buckling during the installation and service life [8, 9].

Structural rehabilitation of RC columns with fibre reinforced polymer (FRP) has been
increased rapidly worldwide. The FRP composite has a high strength to weight ratio
and high corrosion resistance. From a practical point of view, the FRP composite can
be easily wrapped around RC columns [9, 10]. It is well known that the strengthening
of RC columns with FRP depends mainly on the lateral confinement pressure [8].
However, the confinement pressure decreases when RC columns are subjected to
eccentric axial loads [11, 12, 13, 14]. Also, confinement pressure decreases with the
increase in the diameter of the column. Moreover, FRP wrapping provides only a
negligible enhancement in the yield strength and maximum flexural load of RC
columns [15]. Although circular FRP jackets generate uniform confinement pressures
onto the concrete column, square FRP jackets generate nonuniform confinement
pressures onto the concrete column due to the stresses concentration at the corners of
the column. As a result, the confinement efficiency of square FRP jackets is less than
the confinement efficiency of circular FRP jackets [16].

The shape modification of the square columns to circular columns is one of the
techniques used for improving the confinement efficiency of square RC columns [13].
Precast segments constructed with normal and high strength concrete were used as
shape modifiers for square RC columns [13, 17]. However, it was found that precast
concrete segments can be damaged during the installation with the concrete core [17].
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Therefore, precast segments constructed with steel fibre reinforced concrete were
recommended [17].

The reactive powder concrete (RPC) is a high-performance concrete with a dense
structure containing fine particles graded to compact efficiently [18, 19]. The
homogeneous structure and the presence of steel fibre within the matrix decreases the
differential tensile strain and increases the energy absorption of the RPC [19]. Lee et
al. [20] and Chang et al. [21] used the RPC as a novel repairing and strengthening
material for small concrete specimens. Hadi et al. [22] and Algburi et al. [23] used the
RPC jacket and FRP wrapping as a new jacketing system for strengthening RC
columns. In Hadi et al. [22], circular RC column specimens were strengthened by a
thin layer of RPC and wrapped with carbon fibre reinforced polymer (CFRP). The
specimens were tested under concentric axial load, eccentric axial loads and four-point
bending. It was found that jacketing with RPC and wrapping with FRP was an
effective technique for increasing the yield load, ultimate load and energy absorption
of circular deficient RC columns.

Algburi et al. [23] used the RPC as a new shape modification and strengthening
material for square RC columns. The square RC column specimens were circularised
with RPC jackets, wrapped with CFRP and tested under concentric axial load,
eccentric axial loads and four-point bending. The RPC was found to be an efficient
shape modification material for the square RC columns. Circularisation of the square
RC column specimens with the RPC jackets increased the yield load, ultimate load
and energy absorption of the specimens significantly. It was also found that wrapping
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the RPC strengthened columns with FRP increased the ultimate load and energy
absorption of the columns.

It is evident that the jacketing systems proposed in Hadi et al. [22] and Algburi et al.
[23] were effective for strengthening the circular and square RC columns,
respectively. However, a significant number of experimental and theoretical studies
are required before the wide practical application of these jacketing systems. Hence,
the aim of this paper is to develop an analytical approach for the axial load-axial strain
responses of circular and square RC columns strengthened with RPC jackets and
wrapped with FRP.

This paper presents an analytical approach for investigating the responses of the
circular and square RC columns strengthened with RPC jackets and wrapped with FRP
under axial compression. This paper also presents a parametric study to investigate the
most important parameters that influence the axial load-axial strain responses of the
strengthened circular and square RC columns. The parametric study investigates the
influence of confinement ratio, unconfined compressive strength of the RPC jacket
and the ratio of the RPC jacket thickness to the diameter or side length of the base RC
column on the axial load-axial strain response, ductility and service axial load of the
strengthened RC column. The analytical approach developed in this study can be used
as a guideline for strengthening deficient RC columns.
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6.3 Development of the analytical axial load-axial strain responses of the
strengthened RC columns
6.3.1 Theoretical assumptions
In this study, a deficient circular RC column with a diameter 𝑑𝑑 and area of longitudinal
steel bars 𝐴𝐴𝑠𝑠 is assumed to be strengthened with a circular RPC jacket and wrapped
with FRP. The RPC jacket is assumed to have a constant thickness 𝑡𝑡. Also, a deficient

square RC column with a side length 𝑏𝑏 is assumed to be circularised with RPC jacket
and wrapped with FRP. The RPC jacket for the square RC column is assumed to have
a thickness 𝑡𝑡1 at the middle of the square section and a thickness 𝑡𝑡2 at the corners of

the square section. The strengthened circular and square RC columns are assumed to
have a diameter 𝐷𝐷. Figure 6-1 shows the cross-sections of circular and square RC

columns constructed with normal strength concrete (NSC), strengthened with RPC
and wrapped with FRP.

(a)

(b)

Figure 6-1: Cross-sections of strengthened RC columns: (a) circular RC
column strengthened with RPC and wrapped with FRP and (b) square
RC column circularised with RPC jacket and wrapped with FRP
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The axial load of circular or square RC column strengthened with RPC jacket and FRP
wrapping is assumed to be the summation of the axial load components of the confined
NSC of the core, confined RPC of the jacket, and longitudinal steel bars. The
experimental axial load-axial strain responses of the specimens tested by Hadi et al.
[22] and Algburi et al. [23] showed that confinement of the RPC jacket and the internal
lateral steel reinforcement did not influence the axial load-axial strain response of the
specimens up to the ultimate axial load. However, the confinement effect of the lateral
steel reinforcement was significant after the ultimate axial load and the columns
achieved a softening response. The softening response represents the behaviour of the
base RC column. As this study investigates analytically the responses of the
strengthened RC columns up to the ultimate axial load, the confinement effect of the
lateral steel reinforcement was ignored.

Figure 6-2 shows the conferment effect of the FRP on the RPC jacket and the concrete
core of the base RC column. It is noted that both NSC and RPC in the strengthened
columns are subjected to the same external lateral confinement pressure by the FRP
wrapping. Therefore, the axial load of the strengthened RC columns calculated in this
study took into the account the axial compressive stress of the FRP-confined NSC for
the core, the axial compressive stress of the FRP-confined RPC of the jacket and the
axial compressive stress of the longitudinal steel bars.
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(a)

Figure 6-2: Confinement of FRP on the NSC and RPC in the strengthened sections:
(a) The FRP jacket, (b) circular column strengthened with RPC and wrapped with
FRP and (c) square column circularised with RPC jacket and wrapped with FRP

6.3.2 Modelling of NSC, RPC and longitudinal steel bars
In this study, a full bond between the deformed steel bars and the NSC core as well as
a full bond between the RPC jacket and the NSC core were assumed to be achieved.
The last assumption was based on the studies of Hadi et al. [22] and Algburi et al. [23]
in which a full bond between the RPC jacket and the NSC core was achieved by
adequately preparing the surface of the base RC column. Therefore, the axial
compressive strains in the NSC, RPC and the longitudinal steel bars were assumed to
be equal up to the ultimate axial load.
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Over the last two decades, several models were presented to depict the response of the
FRP-confined concrete under uniaxial compressive load [9, 24, 25, 26, 27]. The model
proposed by Lam and Teng [25] for the FRP-confined concrete in circular columns
was adopted in both ACI 440.2R-2008 [28] and ACI 440.2R-2017 [29]. Also, Lam
and Teng [25] validated their model with a large experimental testing database.
Therefore, the FRP-confined compressive stress of the NSC (𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 ) for a given axial

compressive strain of ɛ𝑐𝑐 was calculated using the stress-strain model in ACI 440.2R2017 [29], as follows:

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

(𝐸𝐸𝑐𝑐𝑐𝑐 − 𝐸𝐸2𝑜𝑜 )2 2
ɛ𝑐𝑐
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4𝑓𝑓𝑐𝑐′𝑐𝑐
𝑓𝑓𝑐𝑐′𝑐𝑐 + 𝐸𝐸2𝑜𝑜 ɛ𝑐𝑐
𝐸𝐸𝑐𝑐𝑐𝑐 ɛ𝑐𝑐 −

ɛ𝑡𝑡𝑡𝑡 =
𝐸𝐸2𝑜𝑜

0 ≤ ɛ𝑐𝑐 ≤ ɛ𝑡𝑡𝑡𝑡

ɛ𝑡𝑡𝑡𝑡 ≤ ɛ𝑐𝑐 ≤ ɛ𝑐𝑐𝑐𝑐𝑐𝑐

′
2𝑓𝑓𝑐𝑐𝑐𝑐
𝐸𝐸𝑐𝑐𝑐𝑐 − 𝐸𝐸2𝑜𝑜

′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
− 𝑓𝑓𝑐𝑐′𝑐𝑐
=
ɛ𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝑐𝑐𝑐𝑐 = 4730�𝑓𝑓𝑐𝑐′𝑐𝑐

(6-1)

(6-2)

(6-3)

(6-4)

′
is the FRPwhere 𝑓𝑓𝑐𝑐′𝑐𝑐 is the unconfined compressive strength of the NSC. The 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

confined compressive strength of the NSC.

The 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 was calculated using Equation (6-5) [29].
𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐′𝑐𝑐 + 3.3Ψ𝑓𝑓 𝑘𝑘𝑎𝑎 𝑓𝑓𝑙𝑙
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(6-5)

where Ψ𝑓𝑓 is a reduction factor, which was taken as 0.95 [29] and 𝑘𝑘𝑎𝑎 is a shape
modification factor, which was taken as 1 [29].

The 𝑓𝑓𝑙𝑙 is the lateral confinement pressure by the FRP, which was calculated using
Equation (6-6).

𝑓𝑓𝑙𝑙 =

2𝑛𝑛𝑡𝑡𝑓𝑓 𝐸𝐸𝑓𝑓 ɛ𝑓𝑓𝑓𝑓

(6-6)

𝐷𝐷

where 𝑛𝑛 is the number of the FRP layers, 𝑡𝑡𝑓𝑓 is the thickness of the FRP layer, 𝐸𝐸𝑓𝑓 is the
modulus of elasticity of the FRP layer and ɛ𝑓𝑓𝑓𝑓 is the effective strain of the FRP layer.

In ACI 440.2R-2017 [29], ɛ𝑓𝑓𝑓𝑓 is recommended to be 0.55ɛ𝑓𝑓𝑓𝑓 , where ɛ𝑓𝑓𝑓𝑓 is the ultimate

tensile strain of the FRP determined by the flat coupon test.

The ɛ𝑐𝑐𝑐𝑐𝑐𝑐 is the compressive strain of the NSC corresponding to the FRP-confined
compressive strength of the NSC. The ɛ𝑐𝑐𝑐𝑐𝑐𝑐 was calculated using Equation (6-7) [29].
𝑓𝑓

ɛ

0.45

ɛ𝑐𝑐𝑐𝑐𝑐𝑐 = ɛ𝑐𝑐𝑐𝑐 �1.5 + 12𝑘𝑘𝑏𝑏 𝑓𝑓′𝑙𝑙 �ɛ𝑓𝑓𝑓𝑓�
𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐

� ≤ 0.01

(6-7)

′
In Equation (6-7), ɛ𝑐𝑐𝑐𝑐 is the compressive strain of the unconfined NSC at 𝑓𝑓𝑐𝑐𝑐𝑐
, kb is the

shape modification factor, which was taken as 1 [29].

It is important to note that ACI 440.2R-2017 [29] reported that improvement in
strength of concrete having compressive strength equals to or more than 70 MPa
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should be based on experimental results. Several experimental studies showed that the
axial strength of RPC columns with compressive strengths of 110-160 MPa was
improved by FRP wrapping [19, 22, 23]. Xiao et al. [26] revealed that the models
proposed for the confined compressive strength of the NSC closely predicted the
confined compressive strength of the high strength concrete. Therefore, the FRPconfined compressive stress of the RPC jacket (𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 ) was modelled using the stressstrain model in ACI 440.2R-2017 [29] as:

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐

2
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ɛ𝑡𝑡𝑡𝑡 =
𝐸𝐸𝑐𝑐𝑐𝑐 − 𝐸𝐸2𝑗𝑗

𝐸𝐸2𝑗𝑗

′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
− 𝑓𝑓𝑐𝑐𝑐𝑐′
=
ɛ𝑐𝑐𝑐𝑐𝑐𝑐

0 ≤ ɛ𝑐𝑐 ≤ ɛ𝑡𝑡𝑡𝑡

ɛ𝑡𝑡𝑡𝑡 ≤ ɛ𝑐𝑐 ≤ ɛ𝑐𝑐𝑐𝑐𝑐𝑐

(6-8)

(6-9)

(6-10)

where 𝑓𝑓𝑐𝑐𝑐𝑐′ is the unconfined compressive strength of the RPC and 𝐸𝐸𝑐𝑐𝑐𝑐 is the modulus
of elasticity of the RPC. The 𝐸𝐸𝑐𝑐𝑐𝑐 was calculated using Equation (6-11), which was

proposed by Ahmad et al. [30].

𝐸𝐸𝑐𝑐𝑐𝑐 = 4360�𝑓𝑓𝑐𝑐𝑐𝑐′

(6-11)

′
The 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
is the FRP-confined compressive strength of the RPC, which was calculated

using Equation (6-12) [29].
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′
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
= 𝑓𝑓𝑐𝑐𝑐𝑐′ + 3.3Ψ𝑓𝑓 𝑘𝑘𝑎𝑎 𝑓𝑓𝑙𝑙

(6-12)

The ɛ𝑐𝑐𝑐𝑐𝑐𝑐 is the compressive strain of the RPC jacket corresponding to the confined

compressive strength of the RPC, which was calculated using Equation (6-13) [29].

𝑓𝑓
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0.45

ɛ𝑐𝑐𝑐𝑐𝑐𝑐 = ɛ𝑐𝑐𝑐𝑐 �1.5 + 12𝑘𝑘𝑏𝑏 𝑓𝑓′𝑙𝑙 � ɛ𝑓𝑓𝑓𝑓 �
𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐

� ≤ 0.01

(6-13)

where ɛ𝑐𝑐𝑐𝑐 is the axial compressive strain of the unconfined RPC at 𝑓𝑓𝑐𝑐𝑐𝑐′ .
To model the axial compressive stress in the longitudinal steel bars (𝑓𝑓𝑠𝑠 ), an elastic–
perfectly plastic model was used.

𝑓𝑓𝑠𝑠 = 𝐸𝐸𝑠𝑠 ɛ𝑐𝑐 ≤ 𝑓𝑓𝑦𝑦

(6-14)

where 𝐸𝐸𝑠𝑠 is the modulus of elasticity of steel, which can be taken as 200 GPa and 𝑓𝑓𝑦𝑦

is the yield strength of steel.

The axial load of circular and square RC columns strengthened with RPC jacket and
FRP wrapping was calculated using Equation (6-15).

𝑁𝑁𝑡𝑡 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐴𝐴𝑠𝑠 𝑓𝑓𝑠𝑠
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0 ≤ ɛ𝑐𝑐 ≤ ɛ𝑐𝑐𝑐𝑐𝑐𝑐

(6-15)

where 𝑁𝑁𝑡𝑡 is the axial load of the strengthened RC column, 𝐴𝐴𝑡𝑡 is the total crosssectional area of the strengthened RC column and 𝐴𝐴𝑔𝑔 is the gross cross-sectional area

of the base RC column.

It is noted that the experimental axial load-axial strain responses for the strengthened
circular and square RC columns showed three ascending parts. The first part represents
the response of unconfined NSC core and unconfined RPC jacket, the second part
represents the response of confined NSC core and unconfined RPC jacket and the third
part represents the response of confined NSC core and confined RPC jacket. However,
all the available stress-strain models were derived to illustrate the response for
concrete columns having one type of concrete. These models usually present the
response of column in two parts represent the unconfined concrete and confined
concrete, respectively. For NSC, confinement effect usually occurs at an axial
compressive strain of about 0.002, which represents the compressive axial strain
corresponding to 𝑓𝑓𝑐𝑐′𝑐𝑐 . Therefore, the analytical axial load-axial strain presented in this
study is presented in two parts. The first part is up to an axial strain of 0.002 and the

second part is up to ɛ𝑐𝑐𝑐𝑐𝑐𝑐 .
The axial loads calculated using Equation (6-15) were generally higher than the
experimental axial loads for the axial strains higher than 0.002. This was probably
because of the multiple confinement effect of the NSC and RPC in the second part of
the axial load-axial strain response (after compressive strain of 0.002). In the second
part, the RPC was not confined up to an axial compressive strain of about 0.003. After
the axial compressive strain of 0.003, the confinement effect of RPC started. However,
the confinement efficiency of the RPC is less than that of the NSC. The different
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confinement efficiencies of the NSC and RPC may complicate the calculations and
lead to a non-conservative ultimate analytical axial load. Therefore, reduction factors
were used for the compressive stresses of the NSC and RPC corresponding to the axial
compressive strains higher than 0.002. As a result, the final axial load of circular and
square RC column strengthened with RPC jacket and FRP wrapping at any axial
compressive strain were calculated as follows:

𝑁𝑁𝑡𝑡 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐴𝐴𝑠𝑠 𝑓𝑓𝑠𝑠

0 ≤ ɛ𝑐𝑐 ≤ 0.002

𝑁𝑁𝑡𝑡 = 0.72𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 0.85𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐴𝐴𝑠𝑠 𝑓𝑓𝑠𝑠

(6-16)

0.002 < ɛ𝑐𝑐 ≤ ɛ𝑐𝑐𝑐𝑐𝑐𝑐

where 0.72 and 0.85 are reduction factors. The reduction factors have been included
to achieve a conservative ultimate analytical axial loads. Also, the column behaviour
changed from a quasi-bilinear behaviour to an initial quasi-linear behaviour followed
by a transition region with softening response then linear ascending response. The last
behaviour agrees with the observed behaviour of FRP-confined ultra-high strength
concrete investigated in a recent study by de Oliveira et al. [27]. Since the RPC is
considered an ultra-high strength concrete, the use of the reduction factors was
required to match the behaviour of the FRP-confined RPC in axial load-axial strain
response of strengthened RC column. Equations (6-16) and (6-17) are proposed to
depict the axial load-axial strain response of base RC column constructed from NSC
of compressive strength 20 MPa to 50 MPa and strengthened with RPC of compressive
strength ≥ 95 MPa and wrapped with FRP.
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(6-17)

6.3.3 Service axial load of the strengthened RC columns
Under the service axial load, the concrete of the base RC column and the strengthened
RC column should not reach the lateral cracking strain. Also, the longitudinal steel
bars should not reach the yield strain [15]. Therefore, ACI 440.2R-17 [29] limits the
service stress in the concrete to 60% of the compressive strength of concrete and the
service stress in the steel to 80% of the yield strength of steel. In this study, the service
axial load of the circular or square RC column strengthened with RPC and wrapped
with FRP (𝑆𝑆𝑙𝑙 ) was calculated from the transformed-section analysis using Equations
(6-18), (6-19) and (6-20) whichever is lower.

′
0.6𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
𝑆𝑆𝑙𝑙 =
[𝐸𝐸𝑗𝑗 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 𝐸𝐸𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐸𝐸𝑠𝑠 𝐴𝐴𝑠𝑠 ]
𝐸𝐸𝑐𝑐

𝑆𝑆𝑙𝑙 =
𝑆𝑆𝑙𝑙 =

0.8𝑓𝑓𝑦𝑦
[𝐸𝐸𝑗𝑗 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 𝐸𝐸𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐸𝐸𝑠𝑠 𝐴𝐴𝑠𝑠 ]
𝐸𝐸𝑠𝑠

′
0.6𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
[𝐸𝐸𝑗𝑗 �𝐴𝐴𝑡𝑡 − 𝐴𝐴𝑔𝑔 � + 𝐸𝐸𝑐𝑐 �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝐸𝐸𝑠𝑠 𝐴𝐴𝑠𝑠 ]
𝐸𝐸𝑗𝑗

(6-18)

(6-19)

(6-20)

6.3.4 Ductility of the strengthened RC columns
The ductility of the strengthened RC columns in this study was calculated based on
energy absorption. The ductility was calculated as the area under the axial load-axial
strain curve up to the axial compressive strain corresponding to the ultimate axial load
to the area under the axial load-axial strain curve up to the axial compressive strain of
0.002. The axial compressive strain of 0.002 was assumed to represent the yield axial
strain. This is because the axial compressive strain of 0.002 corresponds to the
unconfined compressive strength of NSC core and is lower than the yield strain of
steel bars [31].
165

6.4 Experimental program and results
6.4.1 Description of the specimens
This section presents the experimental results of base and strengthened RC column
specimens tested under concentric axial load. Full details about the preparation of the
specimens and testing procedure can be found in Hadi et al. [22] and Algburi et al.
[23]. Each of these two studies involved testing 16 column specimens, and in this study
only two specimens are considered from each of these studies. In Hadi et al. [22], two
circular RC column specimens were constructed from NSC. One of these two circular
RC column specimens was considered as a reference specimen and identified as
Specimen C. The other specimen was strengthened with RPC, then wrapped with
CFRP and identified as Specimen CJF. In Algburi et al. [23], two square RC column
specimens were cast with NSC. One of these two square RC column specimens was
considered as a reference specimen and identified as Specimen S. The other specimen
was circularised with RPC, then wrapped with CFRP and identified as Specimen SJF.
The RC column specimens were tested using a Denison compression testing machine
with a capacity of 5000 kN. The data were acquired by a Data Acquisition System.
The axial strain was captured by two strain gauges. The strain gauges were attached
at the mid-height of two opposite longitudinal steel bars in the base circular and square
RC column specimens. All the column specimens were tested under concentric axial
load.

6.4.2 Experimental axial load-axial strain responses of the specimens
The experimental axial load-axial strain responses of Specimens C and CJF are shown
in Figure (6-3). The service axial load of Specimen C was calculated from the
transformed-section analysis using the service stress limits in ACI 440.2R-17 [29].
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The service axial load of Specimen C was found to be 421 kN. Specimen C achieved
an ultimate axial load of 615 kN. The ductility of Specimen C was calculated as 3.9.
The final failure of Specimen C occurred by the crushing of the concrete and buckling
of the longitudinal steel bars.

In general, the axial load-axial strain response of Specimen CJF included three
ascending parts up to the ultimate axial load. Specimen CJF showed a quasi-linear
initial axial load-axial strain response up to the axial strain of about 0.002. This was
followed by an ascending part with slope less than the slope of the initial part. The
second ascending part of the axial load-axial strain response was associated with the
confinement effect of FRP wrapping on the NSC core. The increase in the axial load
continued up to the axial load corresponding to an axial strain of about 0.003. After
reaching the axial strain of 0.003, the axial load-axial strain response of Specimen CJF
demonstrated a slight decrease in the axial load with increasing axial strain.
3000
Specimen CJF

Axial load (kN)

Specimen C
2000

1000

0
0

0.002

0.004

0.006 0.008
Axial strain

0.01

0.012

Figure 6-3: Experimental axial load-axial strain responses of Specimens C and CJF

167

The decrease in the axial load was followed by the third ascending part of the axial
load-axial strain response. The slope of the third ascending part was less than the slope
of the second ascending part. The third ascending part of the axial load-axial strain
response of Specimen CJF was associated with the confinement effect of FRP
wrapping on the RPC jacket. The increase in the axial load continued up to the ultimate
axial load at an axial strain of about 0.006. The service axial load of Specimen CJF
was 2.1 times the service axial load of Specimen C. The ultimate axial load of
Specimen CJF was 3.4 times the ultimate axial load of Specimen C. The ductility of
Specimen CJF was 1.36 times the ductility of Specimen C. After the ultimate axial
load, the axial load of Specimen CJF dropped in two steps to about 50% of the ultimate
axial load. Afterwards, the axial load-axial strain response of Specimen CJF exhibited
softening response due to the confinement effect of the lateral steel helices of the base
circular RC column specimen. The softening response dominated the behaviour of
Specimen CJF up to the end of the test. Failure of Specimen CJF occurred by the
rupture of FRP and crushing of RPC jacket at the upper one-third segment of the
specimen (Figure 6-4).

The experimental axial load-axial strain responses of Specimens S and SJF are
presented in Figure (6-4). The service axial load of Specimen S was 573 kN. Specimen
S achieved an ultimate axial load of 798 kN and a ductility of 3.3.The final failure of
Specimen S occurred by the crushing of the concrete and the fracture of the steel ties.

The service axial load of Specimen SJF was 2.52 times the service axial load of
Specimen S. The ultimate axial load of Specimen SJF was 4.56 times the ultimate
axial load of Specimen S. The ductility of Specimen SJF was 1.6 times the ductility of
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Specimen S. Specimen SJF failed by the rupture of FRP and crushing of RPC jacket
at the mid-height of the specimen.

Specimen SJF

4000

Specimen S

Axial load (kN)

3000

2000

1000

0
0

0.002

0.004

0.006

0.008

0.01

0.012

Axial strain

Figure 6-4: Experimental axial load-axial strain responses of Specimens S and SJF

6.5 Comparison between the analytical and experimental axial load-axial strain
responses of the strengthened RC columns
The analytical approach presented in Section 6.3.2 was used to plot the analytical axial
load-axial strain responses of Specimens CJF and SJF using spreadsheets.

Figure 6-5 compares the analytical and experimental axial load-axial strain responses
for the circular RC column strengthened with RPC jacket and wrapped with FRP
(Specimen CJF). The initial quasi-linear portion of the analytical axial load-axial strain
response matched the initial quasi-linear portion of the experimental axial load-axial
strain response. However, after the compressive strain of 0.002, the analytical axial
load was lower than the experimental axial load. At the compressive strain of 0.003,
the analytical axial load was 87% of the experimental axial load.
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Figure 6-5: Analytical and experimental axial load-axial strain responses of circular
RC column strengthened with RPC and wrapped with FRP

After the compressive strain of 0.004, the analytical axial load-axial strain response
presented in this study well matched the experimental axial load-axial strain response
and was conservative in predicting the ultimate axial load. At the maximum
experimental compressive strain of 0.006, the analytical axial load was 98% of the
experimental axial load.

Figure 6-6 shows the analytical and experimental axial load-axial strain responses for
the square RC column circularised with RPC jacket and wrapped with FRP (Specimen
SJF). The analytical and experimental axial load-axial strain responses of Specimen
SJF matched well up to the compressive strain of 0.002. At the compressive strain of
0.003, the analytical axial load was 91% of the experimental axial load. Between the
compressive strain of 0.004 and the maximum experimental compressive strain, the

170

analytical axial load became closer to the experimental axial load but remained
conservative.
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0.008
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Figure 6-6: Analytical and experimental axial load-axial strain responses of square
RC column circularised with RPC jacket and wrapped with FRP
At the maximum experimental compressive strain of 0.006, the analytical axial load
was 95% of the experimental axial load. In general, the analytical axial load-axial
strain responses presented in this study matched well with the experimental axial loadaxial strain responses for the circular and square RC columns strengthened with RPC
and wrapped with FRP.

6.6 Parametric study
In the parametric study, the influences of three factors on the service axil load, ultimate
axial load and ductility of the circular and square RC columns strengthened with RPC
and wrapped with FRP were investigated. The first factor is the confinement ratio. The
confinement ratio in this study is the ratio of the confinement pressure to the
unconfined compressive strength of the strengthened RC column. The second factor
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is the unconfined compressive strength of the RPC jacket. The third factor is the ratio
of the RPC jacket thickness to the diameter or side length of the circular or square base
RC column.

To investigate the influence of the three factors on the service axial load, ultimate axial
load and ductility of the strengthened RC columns, two base RC columns with circular
and square cross-sections were assumed to be the existing (base) RC columns. The
circular base RC column was assumed to have a diameter of 500 mm and the square
base RC column was assumed to have a side length of 500 mm. The two base circular
and square RC columns were assumed to be reinforced with longitudinal steel bars
having a reinforcement ratio of 0.02. The yield tensile strengths of the steel bars were
assumed to be 400 MPa (assumed to be deteriorated in existing structures). The NSC
of the two base circular and square RC columns was assumed to have an unconfined
compressive strength of 30 MPa.

Figure 6-7 shows the influence of the confinement ratio of the FRP wrapping on the
axial load-axial strain responses of the circular and square RC columns strengthened
with RPC and wrapped with FRP. The base circular RC column was assumed to be
strengthened with RPC jacket with a thickness of 50 mm (𝑡𝑡�𝑑𝑑 = 0.1). The base square

RC column was assumed to be strengthened with RPC jacket with a thickness at the
𝑡𝑡
corners of the square section of 50 mm ( 2�𝑏𝑏 = 0.03). The RPC jacket was assumed

to have an unconfined compressive strength (𝑓𝑓𝑐𝑐𝑐𝑐′ ) of 100 MPa. Each circular or square

RC column strengthened with RPC was assumed to be wrapped with FRP of a
𝑓𝑓
confinement ratio ( 𝑙𝑙�𝑓𝑓 ′ ) = 0.08, 0.15 and 0.3. The 𝑓𝑓𝑐𝑐′𝑐𝑐𝑐𝑐 is the average weighted
𝑐𝑐𝑐𝑐𝑐𝑐
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unconfined compressive strength of the NSC and RPC in the strengthened section.
𝑓𝑓
This parametric study showed that the confinement ratio ( 𝑙𝑙�𝑓𝑓 ′ ) did not have any
𝑐𝑐𝑐𝑐𝑐𝑐

significant influence on the service axial load of the circular or square RC column
strengthened with RPC and wrapped with FRP. Figure 6-7 shows that an increase in
𝑓𝑓
the 𝑙𝑙�𝑓𝑓 ′ of the circular RC column strengthened with RPC and wrapped with FRP
𝑐𝑐𝑐𝑐𝑐𝑐

from 0.08 to 0.3, increased the ultimate axial load and ductility by 45% and 104%,
𝑓𝑓
respectively. An increase in the 𝑙𝑙�𝑓𝑓 ′ of the square RC column circularised with RPC
𝑐𝑐𝑐𝑐𝑐𝑐

and wrapped with FRP from 0.08 to 0.3, increased the ultimate axial load and ductility
by 46% and 97%, respectively.
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Figure 6-7: Influence of 𝑙𝑙�𝑓𝑓 ′ on the axial load-axial strain responses of the
𝑐𝑐𝑐𝑐𝑐𝑐

strengthened RC columns: (a) circular RC column strengthened with RPC and
wrapped with FRP and (b) square RC column circularised with RPC jacket and
wrapped with FRP
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Figure 6-8 shows the influence of the unconfined compressive strength of the RPC
jacket (𝑓𝑓𝑐𝑐𝑐𝑐′ ) on the axial load-axial strain responses of the strengthened RC columns.

In Figure 6-8, the base RC columns were assumed to be strengthened with RPC jackets
of 𝑓𝑓𝑐𝑐𝑐𝑐′ = 100MPa, 150 MPa and 200 MPa. The RPC jacket thickness for the circular
base RC columns (𝑡𝑡) was taken as 0.1𝑑𝑑 and for the square base RC columns (𝑡𝑡2 ) was

𝑓𝑓
taken as 0.03𝑏𝑏. The 𝑙𝑙�𝑓𝑓 ′ was taken as 0.15 for the all strengthened RC columns.
𝑐𝑐𝑐𝑐𝑐𝑐

Figure 6-8 reveals that an increase in the 𝑓𝑓𝑐𝑐𝑐𝑐′ of the circular RC column strengthened

with RPC and wrapped with FRP from 100 MPa to 200 MPa, increased the service
axial load and ultimate axial load by 16% and 45%, respectively, and decreased the
ductility by 2%. An increase in the 𝑓𝑓𝑐𝑐𝑐𝑐′ of the square RC column circularised with RPC
and wrapped with FRP from 100 MPa to 200 MPa, increased the service axial load,
ultimate axial load and ductility by 19%, 57% and 5%, respectively.
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Figure 6-8: Influence of 𝑓𝑓𝑐𝑐𝑐𝑐′ on the axial load-axial strain responses of the

strengthened RC columns: (a) circular RC column strengthened with RPC and
wrapped with FRP and (b) square RC column circularised with RPC jacket and
wrapped with FRP
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Figure 6-9 shows the influence of the 𝑡𝑡�𝑑𝑑 ratio and

𝑡𝑡2�
𝑏𝑏 ratio on the axial load-axial

strain responses of the strengthened RC columns. In Figure 6-9, the base circular RC
column was assumed to be strengthened with RPC jacket of 𝑡𝑡 = 0.05𝑑𝑑, 0.1𝑑𝑑, 0.125𝑑𝑑

and 0.167𝑑𝑑. The base square RC column was assumed to be strengthened with RPC
jacket of 𝑡𝑡2 = 0.03𝑏𝑏, 0.05𝑏𝑏, 0.1𝑏𝑏 and 0.125𝑏𝑏. The 𝑓𝑓𝑐𝑐𝑐𝑐′ was taken as 100 MPa and the
𝑓𝑓𝑙𝑙
�𝑓𝑓 ′ was taken as 0.15 for all the strengthened RC columns. Figure 6-9 shows that
𝑐𝑐𝑐𝑐𝑐𝑐

an increase in the 𝑡𝑡�𝑑𝑑 ratio of the circular RC column strengthened with RPC and
wrapped with FRP from 0.05 MPa to 0.167 MPa, increased the service axial load,
ultimate axial load and ductility by 64%, 96% and 30%, respectively. An increase in
𝑡𝑡
the 2�𝑏𝑏 ratio of the square RC column circularised with RPC and wrapped with FRP
from 0.03 MPa to 0.125 MPa, increased the service axial load, ultimate axial load and
ductility by 32%, 44% and 13%, respectively.
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with RPC and wrapped with FRP and (b) square RC column circularised with RPC
jacket and wrapped with FRP
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To achieve a significant enhancement in the axial load-axial strain response for the
deficient circular or square RC column, the ratio of the RPC jacket thickness to the
diameter or side length of the base RC column is recommended to be 0.1 or 0.05,
respectively.

6.7 Conclusions
This study presented an analytical approach to predict the axial load-axial strain
responses for circular and square RC columns strengthened with RPC and wrapped
with FRP. The analytical axial load-axial strain responses were compared with
experimental axial load-axial strain responses. The study also presented a parametric
study to investigate the most influencing factors that affect the axial load-axial strain
responses of the strengthened RC columns. Based on the results of this study, the
following conclusions can be drawn:
1. The developed analytical approach takes into account the contributions of the
confined NSC core, the confined RPC jacket and the steel reinforcement bars up to
the ultimate axial load.
2. The analytical axial load-axial strain responses presented in this study were
conservative and matched well the experimental axial load-axial strain responses.
3. Increasing the ratio of the RPC jacket thickness to the diameter or side length of
the base RC column had a considerable positive influence on the service and
ultimate axial loads as well as ductility of the strengthened RC column. The ratio
of the RPC jacket thickness to the diameter or side length of the base RC column
was found to be the most significant factor on the service axial load of the
strengthened RC column. The ratio of the RPC jacket thickness to the diameter or
side length of the base RC column is recommended to be 0.1 or 0.05, respectively.
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Summary
This chapter presented an analytical approach to predict the axial load-axial strain
responses of the circular and square RC columns strengthened with RPC and wrapped
with FRP. The analytical axial load-axial strain responses were conservative compared
to the experimental axial load-axial strain responses. The approach presented in this
chapter represents an important design guide for the concentrically loaded circular and
square RC columns strengthened with RPC and wrapped with FRP. The next chapter
summarises this research study and reports the main conclusions as well as future
research studies related to this research study.

181

7. Conclusions

7.1 Summary of the thesis
This thesis includes five main chapters. The first chapter has presented an
experimental pilot study to investigate the mechanical properties of non-fibrousreactive powder concrete (NF-RPC), steel fibre reinforced-reactive powder concrete
(SFR-RPC), glass fibre reinforced-reactive powder concrete (GFR-RPC) and hybrid
fibre reinforced-reactive powder concrete (HFR-RPC). The second chapter has
presented an experimental investigation for the axial and flexural behaviour of short
circular RC columns strengthened with RPC jacket and FRP wrapping. The third
chapter has presented a theoretical approach for the axial load-bending moment
interactions of the circular RC columns strengthened with RPC jacket and FRP
wrapping. The third chapter has also included a parametric study to investigate the
most important factors affecting the axial load-bending moment capacity of the
circular RC columns strengthened with RPC jacket and FRP wrapping. The fourth
chapter has investigated the experimental axial and flexural behaviour of short square
RC columns strengthened by the circularisation with RPC jacket and wrapping with
FRP. The fifth chapter has presented an analytical approach to predict the axial loadaxial strain responses of circular and square RC columns jacketed with RPC and
wrapped with FRP.

The fifth chapter has also included a parametric study to

investigate the key factors that affect the axial load-axial strain behaviour of circular
and square RC columns jacketed with RPC and wrapped with FRP.
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7.2 Conclusions of the thesis
Based on the experimental and theoretical results of this thesis, the following
conclusions are drawn:
1. The compressive strength of the NF-RPC at 7 days was 88% of the compressive
strength at 28 days. The compressive strength of the NF-RPC at 56 days was 113%
of the compressive strength at 28 days. The addition of steel fibres in the RPC
increased the compressive strength by 6.6%, while the addition of the glass and the
hybrid (steel-glass) fibres in the RPC decreased the compressive strength by 10%
and 5.5%, respectively, compared to the compressive strength of NF-RPC.
2. The modulus of elasticity of NF-RPC was 39 GPa. The SFR-RPC achieved
modulus of elasticity marginally higher than that of NF-RPC, and HFR-RPC
achieved modulus of elasticity equals to that of NF-RPC. In contrast, the modulus
of elasticity for GFR-RPC was 5% lower than the modulus of elasticity for NFRPC.
3. The splitting tensile strength of NF-RPC increased by about 30% and 20% with the
addition of the steel and hybrid steel-glass fibres, respectively. However, the
splitting tensile strength of NF-RPC decreased by 25% after the addition of the
glass fibres.
4. The direct shear strength of RPC exhibited a significant improvement with the
addition of the fibres (steel, glass and steel-glass fibres). The SFR-RPC achieved
shear strength of about 150% higher than that of NF-RPC. Also, the shear strengths
of GFR-RPC and HFR-RPC were about 60% and 120%, respectively, higher than
that of NF-RPC.
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5. The SFR-RPC mix was found to be the most efficient mix to be used as a jacketing
material for RC columns from a structural perspective. However, GFR-RPC and
HFR-RPC were proposed to be used as jacketing materials in further studies.
6. Under concentric axial load, eccentric axial loads and four-point bending, the yield
and ultimate loads of circular RC columns strengthened with RPC jacket were
significantly higher than the yield and ultimate loads, respectively, of the circular
RC columns strengthened with FRP wrapping.
7. The circular RC columns strengthened with RPC jackets achieved higher energy
absorption than the circular RC columns strengthened with FRP wrapping under
concentric axial load, eccentric axial loads and four-point bending.
8. Wrapping with FRP for the circular RC columns jacketed with RPC increased the
ultimate load and energy absorption of the columns under concentric axial load,
eccentric axial loads and four-point bending.
9. The proposed strengthening technique of the circular RC columns by the RPC
jacketing and FRP wrapping was found to be an effective strengthening technique
to increase the yield load, ultimate load and energy absorption of the existing
deficient circular RC columns.
10. The theoretical axial load-bending moment interactions of the circular RC
columns strengthened with RPC jacket and FRP wrapping were found to be wellmatched and conservative compared to the experimental axial load-bending
moment interactions.
11. The ratio of the RPC jacket thickness to the diameter of the base circular RC
column was found to be the most influencing factor on the axial load-bending
moment capacity of the strengthened circular RC column.
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12. Under concentric axial load, eccentric axial loads and four-point bending, the
yield and ultimate loads, as well as energy absorption of square RC columns
strengthened by the circularisation with RPC, were significantly higher than the
corresponding yield and ultimate loads and energy absorption of the same square
RC columns (rounded corners) strengthened with only FRP wrapping.
13. The RPC can be used effectively as a shape modifier and a strengthening jacket
for the square RC columns.
14. Wrapping the square RC columns circularised by the RPC with FRP increased the
ultimate load and energy absorption of the columns under concentric axial load,
eccentric axial loads and four-point bending.
15. The circularisation with RPC and wrapping with FRP for the square RC columns
increased significantly the initial axial stiffness and maximum axial stress of the
columns.
16. Wrapping the axially loaded RPC jacketed columns with FRP is recommended
not only to enhance the axial load capacity and energy absorption but also to
prevent the premature failure of the RPC jacket at the corners of the base square
RC column.
17. The analytical axial load-axial strain responses of the circular and square RC
columns jacketed with RPC and wrapped with FRP presented in this study
achieved good agreement with the experimental axial load-axial strain responses.
18. The energy based ductility was found to be more suitable than the displacement
based ductility for the circular and square RC columns jacketed with RPC and
wrapped with FRP under uniaxial compression.
19. The ratio of the RPC thickness to the diameter or side length of the base RC
column was found to be significant influencing factor on the service axial load,
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ultimate axial load and ductility of the circular or square RC column jacketed with
RPC and wrapped with FRP.

7.3 Recommendations for future research studies
This thesis proposes the following future studies:
1. Investigation of the axial and flexural behaviour of RC columns jacketed with
micro-steel fibre reinforced RPC with different volume proportions of the microsteel fibre.
2. Investigation of the axial and flexural behaviour of RC columns jacketed with SFRRPC and wrapped with FRP under cyclic load.
3. Investigation of the axial and flexural behaviour of RC columns jacketed with GFRRPC and HFR-RPC then wrapped with glass fibre reinforced polymer.
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Appendix A: Preparation and testing of the column specimens

Figure A-1: Preparation of steel ties for the square specimens in the laboratory (note:
the helices for the circular specimens were prepared by a local company)

(a)

(b)

Figure A-2: Reinforcement cages: (a) circular column specimen and (b) square
column specimen
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Figure A-3: Attachment of strain gauges at the mid-height of the steel cages

Figure A-4: Reinforcement and formwork of base RC column specimens: PVC pipes
for the circular specimens and plywood for the square specimens
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Figure A-5: Casting and compaction of base RC column specimens with NSC: NSC
was supplied by a local company and compacted by using small electric vibrators

Figure A-6: Formwork of RPC jackets: easy form cardboard for the circular base
specimens and PVC pipes for the square base specimens
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Figure A-7: Casting and compaction of RPC jackets (small electric vibrators were
used on the surface of the formwork to compact the RPC in the jacket)

Figure A-8: Reference and strengthened specimens ready for the test (note: full
details of the specimens can be found in Sections 3.3.1, 3.3.4, 5.3.1 and 5.3.4)
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Figure A-9: Test setup of specimen under eccentric axial load (note: test setup of the
specimens tested under eccentric axial loads can be found in Sections 3.3.5 and
5.3.5)

800 mm
233 mm
700 mm

Laser Triangulation

Figure A-10: Test setup of specimen under four-point bending (distance between the
supports of the specimen was 700 mm and the shear span was 233 mm)
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Appendix B: Ductility calculation

Figure B-1: Ductility calculation based on Hadi et al. [37] in Chapter 3 and Hadi et
al. [33] in Chapter 5

Axial load (kN)

Ductility = A2 /A1
𝑁𝑁𝑢𝑢

A2
A1
0.002
Axial strain

𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐

Figure B-2: Ductility calculation in Chapter 6 where, 𝑁𝑁𝑢𝑢 is the ultimate axial load,
𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐 is the axial compressive strain corresponding to 𝑁𝑁𝑢𝑢 and A2 and A1 are areas
under the axial load-axial strain curve up to 𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐 and 0.002, respectively
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